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PREFACE 


Telecommunication  Networks  Based  on  optical  fiber  technology  have 
become  a major  information-transmission  system,  with  high-capacity  optical 
fiber  links  encircling  the  globe  in  both  terrestrial  and  undersea  installations.  In 
the  early  days  of  optical  fiber  communications,  the  applications  involved  basically 
only  the  optical  fiber,  a light  source,  and  a photodetector.  Now,  there  arc  numer- 
ous passive  and  active  optical  devices  within  u light-wave  link  that  perform  com- 
plex networking  functions  in  the  optical  domain,  such  as  signal  restoration, 
routing,  und  switching.  Along  with  the  need  to  understand  the  functions  of 
these  devices  comes  the  necessity  to  measure  both  component  and  network  per- 
formance, and  to  model  and  simulate  the  complex  behavior  of  reliable  high- 
capaaty  networks. 

This  book  presents  the  fundamental  principles  for  understanding  and  applying 
optical  fiber  technology  to  such  sophisticated  modem  telecommunication  sys- 
tems. This  text  methodically  examines  the  fundamental  behavior  of  the  individual 
optical  components,  describes  their  interactions  with  other  devices  in  an  optical 
fiber  link,  discusses  the  behavior  of  basic  analog  and  digital  optical  links,  and 
examines  the  performance  characteristics  of  complex  optical  links  and  networks 
Key  features  of  the  text  for  accomplishing  this  are  os  follows: 

• A comprehensive  treatment  of  the  theory  and  behavior  of  basic  constituents, 
such  as  optical  fibers,  light  sources,  photodelcctors.  connecting  and  coupling 
devices,  and  optical  amplifiers. 

• The  basic  design  principles  of  digital  and  analog  optical  fiber  transmission 
links. 

• The  operating  principles  of  wavelength-division  multiplexing  (WDM)  and  the 
components  needed  for  its  realization. 
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• Descriptions  of  the  architectures  and  performance  characteristics  of  complex 
optical  networks  for  connecting  users  who  have  a wide  range  of  transmission 
needs. 

• Discussions  of  advanced  optical  communication  techniques,  such  as  soliton 
transmission,  optical  code-division  multiple  access  (optical  CDMA),  and  ultra- 
fast  optical  time-division  multiplexing  (OTDM). 

• An  entire  chapter  devoted  to  measurement  standards,  basic  test  equipment, 
and  techniques  for  verifying  the  operational  characteristics  of  components  in 
optical  fiber  communication  links. 

• A modeling  and  simulation  program  on  a CD-ROM. 

The  modeling  and  simulation  program  on  the  CD-ROM  is  an  abbreviated  version 
of  the  Photonic  Transmission  Design  Suite * (PTDS)  from  Virtual  Photonics,  Inc. 
This  program  is  called  PTDSlitc.  and  is  intended  for  student  use  The  software  on 
the  CD-ROM  will  allow  students  to  examine  the  performance  of  key  components 
(e.g..  laser  diodes,  optical  couplers,  optical  amplifiers,  and  photodetectors)  and 
basic  links  consisting  of  these  components.  There  are  predefined  parameter  sets 
for  each  component,  but,  using  Windows-based  input  screens,  the  user  can  vary 
any  of  these  parameters  (e.g.,  fiber  length)  and  can  turn  them  on  and  off  to  see 
their  effect  on  link  performance.  This  is  a Windows-based  program,  so  it  can  run 
on  any  standard  PC  that  has  the  appropriate  random-access  memory  and  disk 
size. 

This  book  provides  the  basic  material  for  an  introductory  senior-level  or  grad- 
uate course  in  the  theory  and  application  of  optical  fiber  communication  technol- 
ogy. It  will  also  serve  well  as  a working  reference  for  practicing  engineers  dealing 
with  optical  fiber  communication  system  designs.  The  background  required  to 
study  the  book  is  that  of  typical  senior-level  engineering  students.  This  includes 
introductory  electromagnetic  theory,  calculus  and  elementary  differential  equa- 
tions. basic  concepts  of  optics  as  presented  in  a freshman  physics  course,  and  the 
basic  concepts  of  electronics.  To  refresh  readers’  memories,  concise  reviews  of 
sevcrul  background  topics,  such  as  optics  concepts,  electromagnetic  theory,  and 
basic  semiconductor  physics,  arc  included  in  the  main  body  of  the  text.  In  this 
edition,  various  sections  dealing  with  advanced  material  (e.g..  the  application  of 
Maxwell's  equations  to  cylindrical  waveguides  and  the  mathematical  theory  of 
optical  receivers)  are  designated  by  a star  and  can  be  skipped  over  without  loss  of 
continuity.  To  aid  readers  in  learning  the  material  and  applying  it  to  practical 
designs,  numerous  examples  arc  given  throughout  the  book.  A collection  of  266 
homework  problems  is  included  to  help  test  the  reader's  comprehension  of  the 
material  covered,  and  to  extend  and  elucidate  the  text.  Instructors  can  obtain  the 
problem  solutions  from  the  publisher. 

The  original  concept  of  this  book  is  attributable  to  Tri  T.  Ha,  Naval 
Postgraduate  School,  who  urged  me  to  write  it  when  we  were  colleagues  at 
GTE.  His  suggestions  for  the  first  two  editions  were  most  helpful.  For  this 
edition.  I am  greatly  indebted  to  Ira  Jacobs.  Virginia  Polytechnic  Institute. 
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and  Don  Nicholson,  Syracuse  University,  for  critical  reviews  of  the  manuscript 
and  suggestions  for  enhancing  and  clarifying  the  material.  In  addition.  I am 
grateful  to  Lian-kuan  Chen.  The  Chinese  University  of  Hong  Kong;  Walter 
Johnstone,  University  of  Strathclyde.  Scotland;  and  Winston  I.  Way.  National 
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Ever  since  ancient  times,  one  of  the  principal  needs  of  people  has  been  to  com- 
municate 11m  need  created  interest  in  devising  communication  systems  for  send- 
ing messages  from  one  distant  place  to  another.  Many  forms  of  communication 
systems  have  appeared  over  the  years.  The  basic  motivations  behind  each  ness 
form  were  either  to  improve  the  transmission  fidelity,  to  increase  the  datu  rate  so 
that  more  information  could  be  sent,  or  to  increase  the  transmission  distance 
between  relay  stations.  Before  the  nineteenth  century,  all  communication  systems 
operated  at  a very  low  information  rate  and  involved  only  optical  or  acoustical 
means,  such  as  signal  lamps  or  horns  One  of  the  earliest  known  optical  transmis- 
sion links,  for  example,  was  the  use  of  a fire  signal  by  the  Greeks  in  the  eighth 
century  n.c  for  sending  alarms,  calls  for  help,  or  announcements  of  certain 
events.' 

The  invention  of  the  telegraph  by  Samuel  F.  B Morse  in  1838  ushered  in  a 
new  epoch  in  communications  the  era  of  electrical  communications  : In  the 
ensuing  years,  an  increasingly  larger  portion  of  the  electromagnetic  spectrum, 
shown  in  Fig.  I -I.  was  utilized  for  conveying  information  from  one  place  to 
another  ’ The  reason  for  this  trend  is  that,  in  electrical  systems,  the  data  are 
usually  transferred  over  the  communication  channel  by  superimposing  the  infor- 
mation onto  a sinusoidally  varying  electromagnetic  wave,  which  is  known  as  the 
farrier,  At  the  destination,  the  information  is  removed  from  the  carrier  wave  and 
processed  as  desired.  Since  the  amount  of  information  that  can  be  transmitted  is 
directly  related  to  the  frequency  range  over  which  the  carrier  operates,  increasing 
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FIGURE  l-l 

Example!  of  communication  systems  applicalions  in  the  electromagnetic  spectrum.  (Used  with  permis- 
sion from  Carbon,1  © 1186.  McGnsw-HtU  Book  Company.) 

the  carrier  frequency  theoretically  increases  the  available  transmission  bandwidth 
and,  consequently,  provides  a larger  information  capacity.  Thus,  the  trend  in 
electrical  communication  system  developments  was  to  employ  progressively 
higher  frequencies  (shorter  wavelengths),  which  offer  corresponding  increases  in 
bandwidth  or  information  capacity.  This  activity  led  to  the  birth  of  radio,  televi- 
sion. radar,  and  microwave  links. 

Another  important  portion  of  the  electromagnetic  spectrum  encompasses 
the  optical  region  shown  in  Fig.  l-l.  In  contrast  to  electrical  communications. 
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transmission  of  information  in  an  optical  format  is  carried  out  not  by  frequency 
modulation  of  the  carrier,  but  by  varying  the  intensity  of  the  optical  power. 
Similar  to  the  radio-frequency  spectrum,  two  classes  of  transmission  medium 
can  be  used:  an  atmospheric  channel  or  a guided-wave  channel.  In  optical  systems 
it  ts  customary  to  specify  the  band  of  interest  in  terms  of  wavelength,  instead  of  in 
terms  of  frequency  as  used  in  the  radio  region.  However,  with  the  advent  of  high- 
speed multiple-wavelength  systems  in  the  mid-lWOs.  the  output  of  optical  sources 
started  to  be  specified  in  terms  of  optical  frequency.  The  reason  for  this  is  that  in 
optical  sources  such  as  mode-locked  semiconductor  lasers,  it  is  easier  to  control 
the  frequency  of  the  output  light,  rather  than  the  wavelength,  in  order  to  tunc  the 
device  to  different  emission  regions.  Of  course,  the  different  optical  frequencies  v 
arc  related  to  the  wavelengths  A through  the  fundamental  equation  r = vA.  Thus, 
for  example,  a 1552.5-nm  wavelength  light  signal  has  a frequency  of  193.1  THz 
(193.1  x I012  Hz).  The  optical  spectrum  ranges  from  about  50  nm  (ultraviolet)  to 
about  100  qm  (far  infrared),  the  visible  region  being  the  4<)0-to-700-nm  band.  This 
book  addresses  optical  fiber  communications,  which  operate  in  the  800-1O-I600- 
nm  wavelength  band 

l.l  BASIC  NETWORK  INFORMATION 
RATES 

The  period  of  the  1990s  saw  a burgeoning  demand  on  communication-network 
assets  for  services  such  as  database  queries  and  updates,  home  shopping,  vidco- 
on-demund,  remote  education,  telemedicine,  and  videoconferencing, ,|'7  This 
demand  was  fueled  by  the  rapid  proliferation  of  personal  computers  (PCs), 
coupled  with  a phenomenal  increase  in  their  storage  capacity  and  processing 
capabilities,  the  widespread  availability  of  the  Internet,  and  an  extensive  choice 
of  remotely  accessible  programs  and  information  databases.  To  handle  the  ever- 
increasing  demand  for  high-bandwidth  services  from  users  ranging  from  home- 
based  PCs  to  large  businesses  and  research  organizations,  telecommunication 
companies  worldwide  arc  using  light  waves  traveling  within  optical  fibers  as  the 
dominant  transmission  system.  This  optical  transmission  medium  consists  of  hair- 
thin  glass  fibers  that  guide  the  light  signal  over  long  distances. 

Table  1-1  gives  examples  of  information  rates  for  some  typical  voice,  video, 
and  data  services  To  send  these  services  from  one  user  to  another,  network 
providers  combine  the  signals  from  many  different  users  and  send  the  aggregate 
signul  over  a single  transmission  line.  This  scheme  is  known  as  lime-division  multi- 
pitting  (TDM)  Here.  A'  independent  information  streams,  each  running  at  a data 
rate  of  R b/s.  arc  interleaved  electrically  into  a single  information  streum  operat- 
ing at  a higher  rate  of  N x R b/s.  To  get  a detailed  perspective  of  this,  let  us  look 
at  the  multiplexing  schemes  used  in  telecommunications. 

Early  applications  of  fiber  optic  transmission  links  were  largely  for  trunking 
of  telephone  lines.  These  were  digital  links  consisting  of  time-division-multiplcxcd 
64-kb;s  voice  channels.  Figure  1-2  shows  the  digital  transmission  hierarchy  used 
in  the  North  American  telephone  network.  The  fundamental  building  block  is  a 
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table  i-i 

Examples  of  informalion  rales  for  some  typical  voice,  video, 
and  data  service* 
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ll.JIU-2  Mb  v 

Voice  (single  channel) 

64  kb/s 

1.544-Mb/s  transmission  rate  known  as  a Tl  rate.  It  is  formed  by  the  time- 
division  multiplexing  of  24  voice  channels,  each  digitized  at  a 64-kb/s  rate 
Framing  bits  are  added  along  with  these  voice  channels  to  yield  the  1.544-Mb/s 
bit  stream  At  any  level,  a signal  at  the  designated  input  rate  is  multiplexed  with 
other  input  signals  at  the  same  rate. 

The  system  is  not  restricted  to  multiplexing  of  voice  signals.  For  example,  at 
the  Tl  level,  any  64-kb/s  digital  signal  of  the  appropriate  format  could  be  trans- 
mitted as  one  of  the  24  input  channels  shown  in  Fig.  1-2.  As  noted  in  Fig.  1-2  and 
Table  1-2,  the  multiplexed  rates  arc  designated  as  Tl  (1.544  Mb/s),  T2  (6JI2 
Mb/s).  T3  (44.736  Mb/s),  and  T4  (274.176  Mb/s).  Similar  hierarchies  using  differ- 
ent bit-rate  levels  arc  employed  in  Europe  and  Japan,  as  Table  1-2  shows  The 
correct  nomenclature  used  to  describe  generic  digital  systems  is  DSI,  DS2.  and 
DS3,  where  DS  stands  for  digital  system  In  the  strict  sense,  “DSx"  refers  to  the 
framing  format  and  other  interface  specifications,  whereas  “Tx”  refers  to  the 
transmission  medium  over  which  the  DSx  signal  is  sent.  However,  the  two  desig- 
nations are  often  used  interchangeably. 

With  the  advent  of  high-capucity  fiber  optic  transmission  lines  in  the  1980s. 
service  providers  established  a standard  signal  format  called  synchronous  optica I 


vv-tb/i 


FICl  RE  1-2 

Digital  tninsiimuon  hierarchy  lived  in  ibe  North  American  telephone  network 


I 1 RA1IC  NITWOMl  INI  ORMATION  ItATO  5 


TABLE  1-2 

L>illital  multiplexing  levels  used  in  North  America.  Europe,  and  Japan 
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4032 

274  176 

5760 

397  J00 

network  (SONET)  in  North  America  and  synchronous  digital  hierarchy  (SDH)  in 
other  parts  of  the  world.  These  standards  define  a synchronous  frame  structure 
for  sending  multiplexed  digital  traffic  over  optical  fiber  trunk  lines  * The  basic 
building  block  and  first  level  of  the  SONET  signal  hierarchy  is  called  the  synchro- 
nous  transport  signal  level  I (STS-I),  which  has  a bit  rate  of  51 .84  Mb/s.  Higher- 
rate  SONET  signals  are  obtained  by  byte-interleaving  N STS-I  frames,  which  arc 
then  scrambled  and  converted  to  an  optical  carrier  level  S (OC-.V)  signal.  Thus, 
the  OC-N  signal  will  have  a line  rule  exactly  N times  that  of  un  OC-I  signal  For 
SDH  systems,  the  fundamental  building  block  is  the  155.52-Mb/s  synchronous 
transport  module — level  I (STM-I).  Again,  higher-rate  information  streams  are 
generated  by  synchronously  multiplexing  /V  different  STM-I  signals  to  form  the 
STM-JV  signal.  Table  1-3  shows  commonly  used  SDH  and  SONET  signal  levels. 
Chapter  1 2 presents  more  details  on  this  subject. 


TABLE  1-3 

Communl)  used  SONET  and  SDH  transmission  rates 
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Beyond  the  use  of  fiber  optics  for  telephone  trunking  lies  an  enormous 
world  of  both  analog  and  digital  applications  For  example,  by  putting  informa- 
tion in  an  asynchronous  transfer  mode  (ATM)  format,  it  is  possible  to  transmit 
simultaneously  both  narrowband  and  broadband  communication  services,  such 
as  telephone,  videoconferencing,  video  entertainment,  digital  imaging,  and  data 
on  a single  subscriber  line.  In  particular,  digital  imaging  is  rapidly  becoming  a 
major  information  resource  within  the  Internet. * This  service  can  require  tremen- 
dous bandwidth,  which  will  be  a challenge  for  transmission-link  providers. 
Another  key  concept  is  the  use  of  fiber  optics  for  the  integrated  services  digital 
network  (ISDN).  The  ISDN  scheme  encompasses  the  ability  of  a digital  commu- 
nication network  to  handle  voice  (telephone),  facsimile,  data,  videotex,  telemetry, 
and  broadcast  audio  and  video  services.1011  Transmission  rales  for  these  concepts 
vary  from  155  Mb/s  (SONET  OC-3)  for  localized  applications  to  around  10  Gb/s 
for  high-capacity  backbone  trunks  (SONET  OC- 192). 11,5 

1.2  THE  EVOLUTION  OF  FIBER  OPTIC- 
SYSTEMS 

The  bit-rate-distance  product  BL,  where  B is  the  transmission  bit  rate  and  L is  the 
repeater  spacing,  measures  the  transmission  capacity  of  optical  fiber  links.  Since 
the  inception  of  optical  fiber  communications  in  1974,  their  transmission  capacity 
has  experienced  a 10-fold  increase  every  4 years.  Several  major  technology 
advances  spurred  this  growth.  Figure  1-3  shows  the  operating  range  of  optical 
fiber  systems  and  the  characteristics  of  the  four  key  components  of  a link:  the 
optical  fiber,  light  sources,  photodctectors,  and  optical  amplifiers.  In  the  figure, 
the  dashed  vertical  lines  indicate  the  centers  of  the  three  main  operating  windows 
of  optical  fiber  systems,  as  detailed  in  Sec.  1.3.  The  first-generation  links  operated 
at  around  850  nm.  which  was  a low-loss  transmission  window  of  early  silica  fibers. 
These  links  used  existing  GaAs-based  optical  sources,  silicon  photodetectors,  and 
multimode  fibers.  Intertnodal  dispersion  and  fiber  loss  limited  the  capacity  of 
these  systems.  Some  of  the  initial  telephone-system  field  trials  in  the  IJSA  were 
carried  out  in  1977  by  GTE  in  Los  Angeles14  and  by  AT&T  in  Chicago.15  Links 
similar  to  these  were  demonstrated  in  Europe  and  Japan.  Intercity  applications 
ranged  from  45  to  140  Mb/s  with  repeater  spacings  of  around  10  km. 

The  development  of  optical  sources  and  pholodeteclors  capable  of  operat- 
ing at  1300  nm  allowed  a shift  in  the  transmission  wavelength  from  800  nm  to 
1300  nm.  This  resulted  in  a substantial  increase  in  the  repeaterless  transmission 
distance  for  long-haul  telephone  trunks,  since  optical  fibers  exhibit  lower  power 
loss  and  less  signal  dispersion  at  1300  nm  intercity  applications  first  used  multi- 
mode  fibers,  but  in  1984  switched  exclusively  to  single-mode  fibers,  which  have  a 
significantly  larger  bandwidth.  Bit  rates  for  long-haul  links  typically  range 
between  155  and  622  Mb/s  (OC-3  and  OC-12),  and.  in  some  cases,  up  to  2.5 
Gb/s  (OC-48),  over  repeater  spacings  of  40  km.  Both  multimode  and  single- 
mode  1300-nm  fibers  are  used  in  local  area  networks,  where  bit  rates  range 
from  10  to  100  Mb/s  over  distances  ranging  from  500  m to  tens  of  kilometers. ,kJ7 
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Systems  operating  at  15S0  nm  provide  the  lowest  attention,  but  standard 
silica  fibers  have  a much  larger  signal  dispersion  at  ISSO  nm  than  at  1300  nm. 
Fiber  manufacturers  overcame  this  limitation  by  creating  the  so-called  dispersion- 
shifted  fibers.  Thus.  1550-nm  systems  attracted  much  attention  for  high-capacity 
long-span  terrestrial  and  undersea  transmission  links.18  '*  These  links  routinely 
carry  traffic  ut  around  2.5  Gb/s  over  90-km  repeatcrlcss  distances.  By  1996, 
advances  in  high-quality  lasers  and  receivers  allowed  single-wavelength  transmis- 
sion rates  of  around  10  Gb/s  (OC-192). 

The  introduction  of  optical  amplifiers  in  1989  gave  a major  boost  to  fiber 
transmission  capacity.  Although  GaAlAs-bascd  solid-state  optical  amplifiers 
appeared  first.5'  the  most  successful  and  widely  used  devices  are  erbium-doped 
fiber  amplifiers  (commonly  called  EDFAs)  operating  at  around  1550  nm.'1 
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Praseodymium-doped  fiber  amplifiers  (called  PDFAs)  operating  at  around  1300 
nm  have  also  been  developed,  but  are  still  undergoing  refinement.2  During  the 
same  time  period,  impressive  demonstrations  of  long-distance  high-capacity  sys- 
tems were  made  using  optical  soliton  signals.2’  A soliton  is  a nondispersivc  pulse 
that  makes  use  of  nonlinear  dispersion  properties  in  a fiber  to  cancel  out  chro- 
matic dispersion  effects.  As  an  example,  sohtons  at  rates  of  10  Gb/s  have  been 
sent  over  a 12.200-km  experimental  link  using  optical  amplifiers  and  special  mod- 
ulation techniques  24 

The  use  of  wavelength-division  multiplexing  (WDM)  oilers  a further  boost 
in  fiber  transmission  capacity.33  The  basis  of  WDM  is  to  use  multiple  sources 
operating  at  slightly  different  wavelengths  to  transmit  several  independent  infor- 
mation streams  over  the  same  fiber  Although  researchers  started  looking  at 
WDM  in  the  1970s,  during  the  ensuing  years  it  generally  turned  out  to  be  easier 
to  implement  higher-speed  electronic  and  optical  devices  than  to  invoke  the 
greater  system  complexity  called  for  in  WDM.  However,  u dramatic  surge  in  its 
popularity  started  in  the  early  1990s  as  electronic  devices  neared  their  modulation 
limit  and  high-speed  equipment  became  increasingly  complex.  One  example  of  the 
many  worldwide  installations  of  WDM  networks  is  the  SEA-MF.-WE-3  cable 
system  shown  in  Fig.  1-4.  This  undersea  network  runs  from  Germany  to 
Singapore,  connecting  more  than  a dozen  countries  in  between;  hence  the  name 
SEA-ME-WF..  which  refers  to  Southeast  Asia  (SEA),  the  Middle  East  (ME),  and 
Western  Europe  (WE).  The  network  has  two  pairs  of  undersea  fibers  with  a 
capacity  of  eight  STM- 1 6 wavelengths  per  fiber. 

Starting  in  the  mid-1990s,  a combination  of  EDFAs  and  WDM  was  used  to 
boost  fiber  capacity  to  even  higher  levels  and  to  increase  the  transmission  dis- 
tance. A major  system  consideration  in  these  superhigh  links  is  to  ensure  that 
there  is  appropriate  link  and  equipment  redundancy,  so  that  alternate  paths  arc 
available  in  case  of  disruptions  in  communications  caused  by  cable  ruptures  te.g  . 
caused  by  errant  digging  from  a backhoe)  or  equipment  failures  at  an  intermedi- 
ate node.24"2*  Such  disruptions  could  otherwise  have  a devastating  effect  on  a 
large  group  of  users, 


1.3  ELEMENTS  OF  AN  OPTICAL  FIBER 
TRANSMISSION  LINK 

An  optical  fiber  transmission  link  comprises  the  elements  shown  in  Fig.  1-5.  The 
key  sections  are  a transmitter  consisting  of  a light  source  and  its  associated  drive 
circuitry,  a cable  offering  mechanical  and  environmental  protection  to  the  optical 
fibers  contained  inside,  and  a receiver  consisting  of  a photodetector  plus  ampli- 
fication and  signal-restoring  circuitry.  Additional  components  include  optical 
amplifiers,  connectors,  splices,  couplers,  and  regenerators  (for  restoring  the 
signal-shape  characteristics).  The  cabled  fiber  is  one  of  the  most  important 
elements  in  an  optical  fiber  link,  as  wc  shall  sec  in  Chaps.  2 and  3.  In  addition 
to  protecting  the  gloss  fibers  during  installation  and  service,  the  cable  muy  contain 
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copper  wires  for  powering  optical  amplifiers  or  signul  regenerators,  which  arc 
needed  periodically  for  amplifying  and  reshupmg  the  signal  in  long-distance  links 

Analogous  to  copper  cables,  optical  fiber  cables  can  be  installed  either 
aerially,  in  ducts,  undersea,  or  buried  directly  in  the  ground,  as  Fig.  1-6  illustrates. 
At  a result  of  installation  and/or  manufacturing  limitations,  individual  cable 
lengths  will  range  from  several  hundred  meters  to  several  kilometers.  Practical 
considerations  such  as  reel  size  and  cable  weight  determine  the  actual  length  of  a 
single  cable  section.  Shorter  segments  tend  to  be  used  when  the  cables  arc  pulled 
through  ducts.  Longer  lengths  are  used  in  aerial,  direct-burial,  or  undersea  appli- 
cations. Splicing  together  individual  cable  sections  forms  continuous  transmission 
lines  for  these  long-distance  links.  For  undersea  installations,  the  splicing  and 
rrpcatcr-instullution  functions  arc  carried  out  on  board  a specially  designed 
cable-laying  ship  u 

One  of  the  principal  characteristics  of  an  optical  fiber  is  its  attenuation  as  a 
function  of  wavelength,  as  shown  in  Fig.  1-7.  Early  technology  made  exclusive  use 
of  the  8U0-to-900-nm  wuvclcngth  bund,  since,  in  this  region,  the  fibers  made  at 
that  time  exhibited  a local  minimum  in  the  attenuation  curve,  and  optical  sources 
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Major  dements  of an  optica)  fiber  ttantmiuion  link.  The  boaic  components  are  the  light  signal  transmitter,  the  optical  Tiber, 
ami  the  pholndetecting  receiver  Additional  elements  include  fiber  and  cable  splices  and  connectors,  regenerators,  beam 
ipbttcn.  and  optical  amplifiers 


and  pholodetcctors  operating  at  these  wavelengths  were  available.  This  region  is 
referred  to  as  the  first  window.  By  reducing  the  concentration  of  hydroxyl  ions  and 
metallic  impurities  in  the  fiber  material,  in  the  1980s  manufacturers  were  able  to 
fabricate  optical  fibers  with  very  low  loss  in  the  1 100-to-l600-nm  region.  This 
spectral  band  is  referred  to  as  the  long-wavelength  region.  Two  windows  are 
defined  here:  the  second  window,  centered  around  1310  nm.  and  the  third  window, 
centered  around  1550  nm 

In  1998  a new  ultrahigh  purifying  process  patented  by  Lucent  Technologies 
eliminated  virtually  all  wutcr  molecules  from  the  glass  Tiber  material.  By  drama- 
tically reducing  the  water-attenuation  peuk  around  1400  nm.  this  process  opens 
the  transmission  region  between  the  second  and  third  windows  to  provide  around 
100  nm  more  bandwidth  than  in  conventional  single-mode  fibers.  This  particular 
AllWave™  fiber,  which  was  specifically  designed  for  metropolitan  networks,  will 
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Optical  fiber  cable*  can  he  initialled  on  pole*,  m duct*,  and  undcnca.  or  they  can  be  buried  directly  in 
the  ground. 

give  local  service  providers  the  ability  to  deliver  cost-cfTcctively  up  to  hundreds  of 
optical  wavelengths  simultaneously. 

Once  the  cable  is  installed,  a light  source  that  is  dimensionally  compatible 
with  the  fiber  core  is  used  to  launch  optical  power  into  the  fiber.  Semiconductor 
light-emitting  diodes  (LEDs)  and  laser  diodes  arc  suitahlc  for  this  purpose,  since 
their  light  output  can  be  modulated  rapidly  by  simply  varying  the  bias  current  at 
the  desired  transmission  rate,  thereby  producing  an  optical  signal.  The  clectne 
input  signals  to  the  transmitter  circuitry  for  the  optical  source  can  be  of  either 
analog  or  digilul  form.  Eor  high  rate  systems  (usually  greater  than  I Gb/s),  direct 
modulation  of  ihc  source  con  lead  lo  unacceptable  signal  distortion.  In  this  case, 
an  external  modulator  is  used  to  vary  the  amplitude  of  u continuous  light  output 
from  a laser  diode  source  In  the  HOO-to-'XKI-nm  region  the  light  sources  urc 
generally  alloys  of  GaAIAs.  At  longer  wavelengths  (1100-1600  nm),  an 
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InGuAsP  alloy  is  the  pnneipul  optical  source  material.  Chapter  4 discusses  optical 
sources  in  detail. 

After  an  optical  signal  ts  launched  into  a fiber,  it  will  become  progressively 
attenuated  and  distorted  with  increasing  distance  because  of  scattering,  absorp- 
tion. and  dispersion  mechanisms  in  the  glass  material.  At  the  receiver,  a photo- 
diode will  detect  the  weakened  optical  signal  emerging  from  the  fiber  end  and 
convert  it  to  an  electric  current  (referred  to  as  a photocurreni)  Silicon  photodiodes 
nrc  used  in  the  800-to-900-nm  region.  The  prime  material  in  the  1 100-to-l600-nm 
region  is  an  InGaAs  alloy.  Wc  address  these  photodctcctors  in  Chap.  6. 

I he  design  of  an  optical  receiver  is  inherently  more  complex  titan  that  of  the 
transmitter,  since  it  has  to  interpret  the  content  of  the  weakened  and  degraded 
signal  received  by  the  photodetector.  The  principal  figure  of  merit  for  a receiver  is 
the  minimum  optical  power  necessary  at  the  desired  data  rate  to  attain  cither  u 
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given  error  probability  for  digital  systems  or  a specified  signal-to-noise  ratio  for 
an  analog  system.  As  we  shall  sec  in  Chap  7,  the  ability  of  a receiver  to  achieve  a 
certain  performance  level  depends  on  the  photodctcctor  type,  the  effects  of  noise 
in  the  system,  and  the  characteristics  of  the  successive  amplification  stages  in  the 
receiver. 

Chapter  8 presents  the  conditions  that  specify  how  far  one  can  transmit  a 
signal  in  a digital  fiber  optic  system  before  an  amplifier  or  a regenerator  is 
required.  In  addition,  the  chapter  addresses  code  formats  used  on  optical  duta 
streams  for  improving  the  performance  of  digital  links  and  discusses  optically 
induced  noise  clTccts  on  system  performance.  Chapter  9 addresses  similar  con- 
siderations for  analog  systems. 

An  interesting  and  powerful  aspect  of  an  optical  communication  link  is  that 
many  different  wavelengths  can  be  sent  along  a fiber  simultaneously  in  the  1300- 
to-1600-nm  spectrum.  The  technology  of  combining  u number  of  wuvclcnglhs 
onto  the  same  fiber  is  known  as  wavelength-division  multiplexing  or  WDM 
figure  1-8  shows  the  basic  WDM  concept.  Here,  A’  independent  optically  for- 
matted information  streams,  each  transmitted  at  u different  wavelength,  arc  com- 
bined with  an  optical  multiplexer  and  sent  over  the  same  fiber.  Note  that  each  of 
these  streams  could  be  at  a different  data  rate.  Each  information  stream  maintains 
its  individual  data  rate  after  being  multiplexed  with  the  other  streams,  und  still 
operates  at  its  unique  wavelength.  Conceptually,  the  WDM  scheme  is  the  same  as 
frequency-division  multiplexing  (FDM)  used  in  microwave  radio  and  satellite 
systems.  Chapter  10  presents  the  concepts  and  implementations  of  WDM 

Traditionally,  when  setting  up  an  optical  link,  one  formulates  a power 
budget  and  adds  repeaters  when  the  path  loss  exceeds  the  available  power  margin. 
To  amplify  an  optical  signal  with  a conventional  repeater,  one  performs  photon- 
to-cicctron  conversion,  electrical  amplification,  retiming,  pulse  shaping,  and  then 
eketron-to-photon  conversion.  Although  this  process  works  well  for  moderate- 
speed  single-wavelength  operation,  it  can  be  fairly  complex  and  expensive  for 
high-speed  multiwavelcngth  systems.  Thus,  a great  deal  of  effort  has  been 
expended  to  develop  all-optical  amplifiers  for  the  two  long- wavelength  transmis- 
sion windows  of  optical  fibers.  Chapter  1 1 looks  at  the  basic  types  of  optical 
amplifiers  and  describes  how  they  are  used  in  optical  communication  networks. 

Whereas  Chap.  8 covers  the  performance  features  of  point-to-point  links,  in 
which  the  optical  fiber  system  serves  as  a simple  connection  between  two  sets  of 
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electrical  signal-processing  equipment.  Chap.  12  treats  more  complex  networks. 
The  architectures  presented  therein  can  he  utilized  in  local*,  metropolitan-,  or 
wide-area  networks  to  connect  hundreds  or  thousands  of  users  having  as  wide 
range  of  transmission  capacities  and  speeds.  As  an  example.  Fig.  1-9  shows  a 
conceptual  SONET  or  SOH  network  providing  u wealth  of  services  ranging 
from  broadband  (high-speed)  remote-computing  processes  to  standard  64-kb/s 
telephone-related  services.  In  this  network,  a high-speed  OC-192  WDM-based 
optical  fiber  backbone  provides  multiple  10-Gb/s  channels  between  cities  or  coun- 
tries. The  use  of  multiple  wavelengths  greatly  increases  the  capacity,  configuration 
flexibility,  and  growth  potential  of  this  backbone  Moderate-speed  regional  nct- 
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works  attached  to  this  backbone  provide  applications  such  as  interconnection  of 
telephone  switching  centers,  access  to  satellite  transmission  facilities,  and  access  to 
mobile-phone  base  stations.  More  localized,  lower-speed  networks  ofTcr  a wide 
variety  of  applications,  such  as  telephony  services  to  homes  and  businesses,  dis- 
tance learning.  Internet  access,  community  antennu  television  (CATV),  security 
surveillance,  and  electronic  mail.  A major  motivation  for  developing  these  sophis- 
ticated networks  has  been  the  rapid  proliferation  of  information  exchange  desired 
by  institutions  such  as  commerce,  finance,  education,  health,  government,  secur- 
ity, and  entertainment.  The  potential  for  this  information  exchange  arose  from 
the  ever-increasing  power  of  computers  and  data-storage  devices. 

The  design  and  installation  of  an  optical  fiber  communication  system 
require  measurement  techniques  for  verifying  the  operational  characteristics  of 
the  constituent  components.  In  addition  to  optical  fiber  parameters,  system  engi- 
neers arc  interested  in  knowing  the  characteristics  of  passive  splitters,  connectors, 
and  couplers,  and  electro-optic  components,  such  as  sources,  photodetectors,  and 
optical  amplifiers.  Furthermore,  when  a link  is  being  installed  and  tested,  the 
operational  parameters  of  interest  include  bit-error  rate,  timing  jitter,  and 
signal-to-noisc  ratio  as  indicated  by  the  eye  pattern.  During  actual  operation, 
measurements  arc  needed  for  maintenance  and  monitoring  functions  to  determine 
factors  such  as  fault  locations  in  fibers  and  the  status  of  remotely  located  optical 
amplifiers.  Chapter  13  first  outlines  fiber  optic  component-testing  standards  and 
standards  for  evaluating  system  performance.  This  is  followed  by  discussions  of 
various  measurement  techniques  for  optical  fiber  communication  systems. 

1.4  SIMULATION  AND  MODELING  TOOLS 

Numerical  methods  have  been  employed  for  many  years  to  predict  and  evaluate 
the  behavior  of  individual  fiber  optic  components,29"**  links.’7"45  and 
networks.4*"54  Now  with  the  increased  complexity  of  optical  links  and  networks, 
computer-based  simulation  and  modeling  tools  that  integrate  component,  link, 
and  network  functions  can  make  the  design  process  more  efficient,  cheaper,  and 
faster  The  rapid  proliferation  and  increase  in  capabilities  of  personal  computers 
has  led  to  the  development  of  many  sophisticated  simulation  programs  for  these 
machines.  These  photonic  design  automation  (PDA)  tools  are  based  on  well- 
established  numerical  models.  They  can  simulate  factors  such  as  connector  losses 
due  to  geometric  or  position  mismatches  of  fibers,  efficiencies  of  coupling  optical 
power  from  light  sources  into  fibers,  large-  and  small-signal  behaviors  of  passive 
and  active  optical  components,  and  the  performance  of  complex  optical  networks 
These  software  tools  can  also  model  devices  such  os  waveguide  couplers,  optical 
filters,  waveguide  grating  urrays,  optical  amplifiers,  and  optical  sources. 

This  section  gives  an  overview  of  PDA  tools  that  can  run  on  a personal 
computer  or  a desktop  workstation  Included  in  this  are  discussions  of  the  basic 
characteristics  of  the  simulation  tools  and  the  graphical-programming  languages 
they  use.  An  important  part  of  this  section  is  a description  of  a powerful  simula- 
tion and  modeling  tool  called  the  Photonic  Transmission  Destyn  Suite  (PTDS) 
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from  Virtual  Photonics.  Inc.55  This  program  is  described  in  See.  1.4.3  and  a 
student  version  is  on  the  CD-ROM  that  is  included  in  the  back  cover  of  this 
book.  The  reader  can  consult  Web  sites  and  texts,  such  as  those  listed  in  Refs. 
55  and  56.  for  offerings  from  other  PDA-tool  vendors 


1.4.1  Characteristics  of  Simulation  and  Modeling 
Tools 

Computer-aided  PDA  tools  cun  offer  a powerful  method  to  assist  in  analyzing  the 
design  of  an  optical  component,  circuit,  or  network  before  costly  prototypes  are 
built.  Important  points  to  consider,  however,  arc  the  approximations  and  model- 
ing assumptions  made  in  the  software  design.  Since  most  telecommunication 
systems  are  designed  with  several  decibels  of  safety  margin,  approximations  for 
calculating  operating  behavior  that  are  reasonably  accurate  arc  not  only  accept- 
able but  also,  in  general,  necessary  to  allow  tractable  computation  times. 

The  theoretical  models  used  in  computer  simulations  nominally  include  the 
following  characteristics:4* 

• linough  detail  so  that  all  factors  which  could  influence  the  performance  of  the 
component,  circuit,  or  network  can  be  appropriately  evaluated. 

• A common  set  of  parameters  so  that  simulated  devices  can  be  interconnected 
with  each  other  to  form  circuits  or  networks. 

• Interfaces  that  puss  sufficient  information  between  the  constituent  components 
so  that  all  possible  interactions  arc  identified. 

• Computational  efficiency  that  allows  a tradeoff  between  accuracy  and  speed, 
so  that  quick  estimates  of  system  performance  can  be  made  in  the  early  stages 
of  a design. 

• The  capability  to  simulate  devices  over  the  desired  spectral  bandwidth 

• The  ability  to  simulate  factors  such  us  nonlinear  effects,  crosstalk  between 
optica]  channels,  distortion  in  lasers,  and  dispersion  in  optical  fibers. 

To  enable  a user  to  visualize  and  simulate  a system  quickly,  the  simulation 
programs  normally  have  the  following  fculurcs: 

• The  ability  to  create  a system  schematic  based  on  a library  of  graphical  icons 
and  a graphical  user  interface  (GUI).  The  icons  represent  various  system  com- 
ponents (such  as  optical  fibers,  filters,  amplifiers)  and  instrumentation  (c.g.. 
data  sources,  power  meters,  spectrum  analyzers). 

• The  ability  for  the  user  to  interact  with  the  program  during  a simulation.  For 
example,  the  user  may  want  to  modify  a parameter  or  some  operating  condi- 
tion in  order  to  evaluate  its  elfcct.  This  is  especially  important  in  the  early 
stages  of  u design  when  the  operating  range  of  interest  is  being  established 

• A wide  range  of  statistical-analysis,  signal-processing,  and  display  tools. 
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• Common  display  formats,  including  time  waveforms,  electrical  and  optical 
spectra,  eye  diagrams,  and  error-rate  curves. 


1.4.2  Programming  Languages 

Commercially  available  simulation  tools  are  based  on  graphical-programming 
languages,311  such  as  Ptolemy  and  LabVlfcW  11  In  these  languages,  system  com- 
ponents (e.g..  lasers,  modulators,  optical  amplifiers,  optical  fibers)  are  represented 
by  a module  library  of  programmed  icons  that  have  bidirectional  or  unidirectional 
optical  and  electrical  interfaces.  Associated  with  each  icon  is  a menu  window 
where  the  user  specifies  the  value  of  the  operational  parameters  of  the  component 
and  its  interface  characteristics  In  addition  to  using  preprogrammed  modules, 
users  can  create  their  own  custom  devices  with  cither  the  underlying  software  code 
(such  as  C or  C++)  or  the  graphical-programming  language 

The  module  library  can  be  grouped  into  four  major  classes:  transmitters, 
channels,  receivers,  and  visualizers  Table  1-4  lists  some  of  the  icons  and  their 
characteristics  that  could  be  included  in  these  ciusscs.  Using  such  a set  of  graphi- 
cal icons,  in  several  minutes  one  can  easily  put  together  a simulation  of  a more 
complex  component,  a simple  link,  or  a sophisticated  multichannel  transmission 
path  One  simply  selects  the  icons  representing  the  desired  components  and  mea- 
surement instruments,  and  connects  them  together  with  a wiring  tool  to  create  a 
model  of  the  optical  transmission  system.  When  the  design  is  completed,  the 
diagram  compiles  rapidly  and  the  simulation  can  be  run  using  control  buttons 
on  u tool  bar. 

Once  the  icons  have  been  selected  and  connected  together,  the  complex  part 
starts  for  the  user  This  involves  choosing  realistic  ranges  of  the  parameters  of  the 
electrical  and  optical  components  and  submodules.  It  is  important  that  the  para- 
meter values  make  sense  in  an  actual  application.  In  sonic  cases,  this  may  entail 
examining  the  specification  sheets  of  vendors 

Equally  important  is  to  keep  in  mind  the  modeling  approach  used  in  the 
simulation  software.  Two  popular  methods  arc  the  transmission-line  laser  model 
(TLLMl3®  and  split-step  Fourier  modeling M These  arc  pseudo-spectral  meth- 
ods. which  reduce  computational  efforts  by  eliminating  the  optical  carrier  fre- 
quency from  the  calculations  The  TLLM  solves  bidirectional  propagation 
problems  by  using  scattering  matrices  at  discrete  points  along  the  propagation 
path  The  solution  is  carried  out  in  the  lime  domain.  The  inherent  advantage  is 
that  the  information  flow  in  the  modeled  solution  echoes  the  propagation  of 
optical  waves.  Thus,  propagation  dcluys  are  realistically  represented  so  that 
devices  in  which  pulses  of  energy  travel  along  a cavity  are  correctly  modeled 

Split-step  Fourier  modeling  is  a numerical  upprouch  in  which  derivatives  are 
calculated  in  the  frequency  domain  and  multiplications  are  carried  out  in  the  lime 
domain  Its  key  advantage  is  that  all  cross-coupling  effects  can  be  properly  taken 
into  account.  Its  main  disadvantage  is  that  if  certain  factors,  such  has  the  sam- 
pling rate,  are  not  specified  properly  it  can  be  very  time-consuming  This  is 
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TABLE  1-4 

Four  major  classes  of  simulation-tool  icons  and  some  of  the  functional 
characteristics  that  could  be  included  in  these  classes 


Icon  gnmp/lypr 

Characteristics  of  module  or  function 

Transmitter 

Laser 

Device  may  he  modeled  using  rale  equations  that  include  emission 
intensity,  phase  noise,  laser  chirp,  and  polarization  Alternatively,  a 
simplified  analytical  model  might  be  used. 

Encoder 

Describes  digital  coding  scheme*. 

Pulse  generator 

Pseudo-random  bit  sitcoms  and  specification  of  pulse  shapes 

Modulator 

Channel 

Specification  of  lilhium-mobate  csiemol  modulator  parameters. 

Monomode  fiber 

Specification  of  liner  and  nonlinear  elTectt.  such  as  attenuation,  chromatic 
dispersion.  polarization-mode  dispersion,  self-  and  cross- phase  modulation, 
four-wave  mixing,  Raman  scattering- 

Optical  amplifier* 

EDFAs  and  semiconductor  amplifiers  unidirectional  or  bidirectional 
pumping  schemes,  reflection  levels 

Optical  fillen 

Optical  passband  and  other  characteristics  of  filter  types  such  as  Fabry* 
Perot,  Mocb-Zehnder.  fiber  Bragg-gralmg.  or  amsyed-waveguide 

Frequency  converter* 

Use  of  semiconductor  optical  amplifiers  for  wavelength  conversion  at 
nodal  points  in  * network 

Passive  device* 

Recrlm 

Optical  attenuators,  splitter*.  combiners,  connect ars 

Photodiode 

pin  or  avalanche  detectors 

Preamplifier 

Characteristics  of  EDFA  preamplifier* 

Filler* 

Optical  and  electrical  fillers  in  the  receiver 

Sampler* 

Specification  of  different  ways  to  calculate  the  hrl-error  rate. 

Intirumcnt* 

Data  can  be  sent  lo  icons  representing  instruments  such  as  spectrum 
analyzers,  bit -error  rale  testers,  power  meters. 

Graph*  of  data 

Visualization  of  the  calculated  data  using  lime  or  frequency 
representations,  eye  diagrams,  histograms,  etc 

3-D  plot* 

Optimization  problems  with  several  variables  cun  be  represented  a*  three- 
dimensional  data  plots  or  contour  plots 

particularly  critical  when  the  performance  of  n large  number  of  WDM  channels  is 
being  evaluated.  For  example,  whereas  a single  channel  can  be  simulated  in  a few 
minutes,  simulation  of  32  channels  with  a rigorous  computation  method  can 
consume  hours  of  central  processing  unit  (CPU)  time  and  100  channels  could 
require  days,  unless  approximations  or  scmianalytical  methods  are  used  A variety 
of  strategies  have  been  investigated  for  reducing  this  computation  time  and  in 
some  coses  are  incorporated  into  the  simulation  software.  The  popularity  of  split* 
step  modeling  is  that  it  can  be  used  to  design  fiber  and  pulse  parameters  that 
minimize  intersymbol  interference  and  mitigate  the  appearance  of  noise  factors 
such  as  four-wave  mixing.  In  addition,  it  creates  accurate  eye  diagrams,  and 
tradeoffs  between  modeled  bandwidth  and  accuracy  urc  well  understood.  Note 
that,  generally,  any  cautionary  details  on  how  to  properly  specify  the  simulation 
parameters  are  described  in  the  software  user  manuals. 
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I.4J  The  PTDSh  Simulation  and  Modeling  Tool 

As  an  example  of  commercial  software.  Virtual  Photonics,  Inc.,  has  a simulation 
and  modeling  tool  called  the  Photonic  Transmission  Design  Suite R (PTDS).  The 
PTDS  can  be  used  for  designing  either  a photonic  component  to  be  used  in 
communication  systems,  a complete  optical  communication  link  or  system,  or 
an  optical  network.  For  component  design.  PTDS  has  a comprehensive  library 
of  detailed  physical  models  of  photonic  devices  and  a graphical  user  interface  to 
combine  them  easily.  Examples  of  photonic  components  that  can  be  modeled 
include  optical  amplifiers,  transmitters,  wavelengths  converters  and  routers,  opti- 
cal TDM  components,  all-optical  switches,  wavelength  multiplexers,  and  optical 
cross-connect  devices.  In  addition.  PTDS  has  an  electro-optical  co-design  feature 
that  includes  RF.  analog,  and  digital  signal  processing  (DSP)  modeling  and 
simulation  capabilities.  The  system-design  tool  of  PTDS  enables  the  user  to  simu- 
late a wide  range  of  network  architectures:  for  example.  WDM.  optical-TDM. 
and  (iber-network-based  CATV  systems. 

When  simulating  the  performance  of  photonic  networks,  the  PTDS  optical 
network  simulation  layer  (ONSL)  controls  data  exchange  between  PTDS  and 
other  user-defined  or  third-party  simulation  tools.  When  checking  the  perfor- 
mance of  a design,  a simulation  manager  enables  intuitive  and  user-friendly  pa- 
rameter sweeps.  For  these  parameter  sweeps,  a visualization  tool  offers  interactive 
displays  similar  to  a digital  scope  or  spectrum  analyzer. 

The  PTDS  offers  a vertically  integrated  design  process  with  layered  simula- 
tion technologies.  Thus,  it  can  work  independently  at  the  component,  transmis- 
sion-link, and  transport-network  simulation  layers,  and  can  pass  the  design 
abstractions  and  analyses  done  at  a particular  layer  to  adjacent  layers  For  exam- 
ple. the  user  can  design  a laser  with  sophisticated  equations  and  then  pass  the 
charactcnsuc  of  the  laser  as  a simplified  model  to  the  higher-up  transmission-link 
layer.  After  having  incorporated  an  optical  amplifier  model  into  the  link,  the  link 
layer  can  then  puss  the  baseband  response  of  the  transmission  path  to  the  network 
layer  In  this  way,  network  architects  can  optimize  the  higher  layers  efficiently 
without  losing  the  underlying  contnbutions  that  the  lower  layers  make  to  the 
network.  In  addition,  in  a collaborative  design  effort,  users  working  on  one 
layer  can  transfer  their  results  to  colleagues  working  on  adjacent  layers  with 
sufficient  detail  to  be  meaningful 

An  abbreviated  version  of  this  tool  for  student  use  is  included  on  the  CD- 
ROM  at  the  back  of  this  book.  The  CD-ROM  contains  the  working  software, 
instructions  for  its  use,  on-line  documentation,  installation  instructions,  and  li- 
censing conditions  for  a full-featured  version  of  the  software.  This  is  a Windows- 
based  program,  so  it  can  run  on  any  standard  PC  that  has  the  appropriate  ran- 
dom-access memory  and  disk  size.  More  details  arc  in  Sec.  1 .5.2. 
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1.5  USE  AND  EXTENSION  OF  THE  BOOK 

The  following  chapters  present  an  introduction  to  the  field  of  optical  fiber  com- 
munications. The  sequence  of  topics  systematically  takes  the  reader  from  descrip- 
tions of  the  mujor  building  blocks  to  analyses  of  complete  links  and  networks, 
together  with  methodologies  for  measuring  and  simulating  their  performance. 
The  material  presented  here  will  provide  a broad  and  firm  basis  with  which  to 
analyze  and  design  optical  fiber  communication  systems. 

As  is  the  case  for  any  active  scientific  and  engineering  discipline,  optical 
fiber  technology  is  constantly  undergoing  changes  und  improvements.  New  con- 
cepts arc  being  pursued  in  optical  multiplexing,  all-optical  networking,  integrated 
optics,  und  device  configurations:  new  materials  are  being  introduced  for  fibers, 
sources,  and  photodetectors,  and  maintenance  and  operation  methodologies  for 
optical  networks  are  being  developed.  These  changes  should  not  have  a major 
impact  on  the  material  presented  in  this  book,  since  it  is  based  on  enduring 
fundamental  concepts.  The  understanding  of  these  concepts  will  allow  a rapid 
comprehension  of  any  new  technological  developments  that  will  undoubtedly 
arise. 


1.5.1  Reference  Material 

Numerous  references  arc  provided  ut  the  end  of  each  chapter  as  a start  for  delving 
deeper  into  any  given  topic.  Since  opticul  fiher  communications  brings  together 
research  and  development  efforts  from  many  different  scientific  and  engineering 
disciplines,  there  are  hundreds  of  articles  in  the  literature  relating  to  the  material 
covered  in  euch  chapter.  Even  though  not  all  of  these  articles  can  be  cited  in  the 
references,  the  selections  represent  some  of  the  major  contributions  to  the  fiber 
optics  field  and  can  be  considered  as  a good  introduction  to  the  literature. 
Additional  references  for  up-to-date  developments  can  be  found  in  various  con- 
ference proctedings.6,*M  Further  supplementary  material  can  he  found  in  special- 
ized textbooks. Jl  11 

To  help  the  reader  understand  and  use  the  material  in  the  book,  the  table  in 
the  inside  front  cover  provides  a quick  reference  for  various  physical  constants 
and  units,  and  Apps.  A through  E give  an  overview  of  the  international  system  of 
units,  listing  of  mathematical  formulas  needed  for  homework  problems,  discus- 
sions on  decibels,  and  topics  from  communication  theory.  Appendix  F shows  a 
derivation  of  pulse  broadening  or  signal  dispersion  in  an  optical  fiber  based  on 
examining  the  frequency  dependence  of  the  propagation  constant  in  the  wave 
equation. 


1.5.2  Simulation  Program  on  a CD-ROM 

The  abbreviated  version  of  the  PTDS  software  on  the  CD-ROM  will  allow  stu- 
dents to  simulate  the  performance  of  key  components  (c.g.,  laser  diodes,  optical 
couplers,  optical  amplifiers,  and  photodctcctors)  and  of  basic  link*  consisting  of 
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these  components.  There  are  parameter  sets  predefined  for  each  component, 
which  generally  represent  commercially  available  devices.  Using  Windows- 
based  input  screens,  the  user  can  vary  any  of  these  parameters  (e.g.,  fiber  length) 
and  can  turn  certain  specific  parameters  on  and  ofT  to  sec  their  effect  on  link 
performance.  The  results  can  be  stored  in  a file  from  where  the  datu  cun  be  read 
by  any  standard  spread  sheet  or  plotting  routine  for  graphical  display  of  the 
results.  This  interactive  process  will  give  the  reader  a better  understanding  of 
the  material  presented  in  this  book  and  will  indicate  the  potential  of  the  full 
simulation  and  modeling  program  (available  from  Virtual  Photonics,  Inc.). 

1.5.3  Photonics  Laboratory 

In  addition  to  classroom  learning,  exposure  to  the  operating  characteristics  of 
components,  links,  and  instruments  in  a laboratory  course  can  greatly  enhance 
the  understanding  of  optical  fiber  technology.  Various  universities  have  imple- 
mented such  courses,  and  equipment  specifically  designed  for  classroom  use  is 
available  *1-*2 

1.5.4  Web-Based  Resources 

A Web  site  for  the  book  is  available  at  hltp://www  mhhc.com  cngcs'clectrical/ 
keiser  This  Web  site  includes  instructor  and  student  resources,  corrections  or 
revisions  to  the  text,  contact  information,  links  to  other  related  Web  sites,  and 
updates  on  new  technical  developments  or  standards.  The  site  will  be  updated 
periodically  with  material  such  as  suggestions  for  new  homework  problems, 
design  projects,  or  modeling  and  simulation  ideas,  descriptions  of  recent  technol- 
ogy or  implementation  developments;  and  u listing  of  web  addresses  of  vendors 
offering  components,  transmission  equipment,  and  measurement  instruments. 
The  Web  site  also  contains  a mechanism  for  readers  to  provide  feedback  and 
suggestions  to  the  author. 
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OPTICAL 
FIBERS: 
STRUCTURES, 
WAVEGUIDING, 
AND  FABRICATION 


One  of  the  most  important  components  in  any  optical  fiber  system  is  the  optical 
fiber  itself,  since  its  transmission  characteristics  play  a major  role  in  determining 
the  performance  of  the  entire  system.  Some  of  the  questions  that  arise  concerning 
optical  fibers  arc 

I.  What  is  the  structure  of  an  optical  fiber? 

1 How  does  light  propagate  along  a fiber? 

3.  Of  what  materials  arc  fibers  mude? 

4.  How  is  the  fiber  fabricated? 

5.  How  are  fibers  incorporated  into  cable  structures? 

6.  What  is  the  signal  loss  or  attenuation  mechanism  in  a fiber? 

7.  Why  and  to  what  degree  docs  a signal  get  distorted  us  it  travels  along  a fiber? 

The  purpose  of  this  chapter  is  to  present  some  of  the  fundamental  answers 
to  the  first  five  questions  in  order  to  attain  a good  understanding  of  the  physical 
structure  and  waveguidmg  properties  of  optical  fibers.  Questions  6 and  7 are 
answered  in  Chap  3. 
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Since  fiber  optics  technology  involves  the  emission,  transmission,  and  detec- 
tion of  light,  we  begin  our  discussion  by  first  considering  the  nature  of  light  and 
then  we  shall  review  a few  basic  laws  and  definitions  of  optics.1  Following  a 
description  of  the  structure  of  optical  fibers,  two  methods  are  used  to  describe 
how  an  optical  fiber  guides  light.  The  first  approach  uses  the  geometrical  or  ray 
optics  concept  of  light  reflection  and  refraction  to  provide  un  intuitive  picture  of 
the  propagation  mcchumsms  In  the  second  approach,  light  is  treated  as  an 
electromagnetic  wave  which  propagates  along  the  optical  fiber  waveguide.  This 
involves  solving  Maxwell’s  equations  subject  to  the  cylindrical  boundary 
conditions  of  the  fiber. 

2.1  THE  NATURE  OF  LIGHT 

The  concepts  concerning  the  nature  of  light  have  undergone  several  variations 
during  the  history  of  physics.  Until  the  early  seventeenth  century,  it  was  generally 
believed  that  light  consisted  of  a stream  of  minute  particles  that  were  emitted  by 
luminous  sources  These  particles  were  pictured  as  travelling  in  straight  lines,  and 
it  was  assumed  that  they  could  penetrate  transparent  materials  but  were  reflected 
from  opaque  ones  This  theory  adequately  described  certain  large-scale  optical 
effects,  such  as  reflection  and  refraction,  but  failed  to  explain  fincr-scale  phenom- 
ena. such  as  interference  and  diffraction. 

The  correct  explanation  of  diffraction  was  given  by  Fresnel  in  1815.  Fresnel 
showed  that  the  approximately  rectilinear  propagation  character  of  light  could  be 
interpreted  on  the  assumption  that  light  is  a wave  motion,  and  that  the  diffraction 
fringes  could  thus  be  accounted  for  in  detail.  Later,  the  work  of  Maxwell  in  1864 
theorized  that  light  waves  must  be  electromagnetic  in  nature.  Furthermore,  obser- 
vation of  polarization  effects  indicated  that  light  waves  arc  transverse  (i.e.,  the 
wave  motion  is  perpendicular  to  the  direction  in  which  the  wave  travels)  In  this 
wove  or  physical  optics  viewpoint,  the  electromagnetic  waves  radiated  by  a small 
optical  source  can  be  represented  by  a train  of  spherical  wave  fronts  with  the 
source  at  the  center  as  shown  in  Fig.  2-1  A wave  front  is  defined  as  the  locus  of  all 
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points  in  the  wave  train  which  have  the  same  phase.  Generally,  one  draws  wave 
fronts  passing  through  cither  the  maxima  or  the  minima  of  the  wave,  such  as  the 
peak  or  trough  of  a sine  wave,  for  example.  Thus,  the  wave  fronts  (also  called 
phase  fronts)  are  separated  by  one  wavelength. 

When  the  wavelength  of  the  light  is  much  smaller  than  the  object  (or  open- 
ing) which  it  encounters,  the  wave  fronts  appear  as  straight  lines  to  this  object  or 
opening.  In  this  case,  the  light  wuve  can  be  represented  as  a plane  wave,  and  its 
direction  of  travel  can  be  indicated  by  a light  ray  which  is  drawm  perpendicular  to 
the  phase  front.  Tlius,  large-scale  optical  effects  such  as  reflection  and  refraction 
can  be  analyzed  by  the  simple  geometrical  process  of  ray  tracing.  This  view  of 
optics  is  referred  to  as  ray  or  geometrical  optics.  The  concept  of  light  rays  is  very 
useful  because  the  rays  show  the  direction  of  energy  flow  in  the  light  beam. 

2.1.1  Linear  Polarization 

The  electric  or  magnetic  field  of  a train  of  plane  linearly  polarized  waves  traveling 
in  a direction  k can  be  represented  in  the  general  form 

A(x.  r)  = etAo  exp[y(ci>/  — k • x)]  (2-1) 

with  \ = xe,  + i<e,  +re;  representing  a general  position  vector  and  k = kte,+ 
kyt,  + k:e:  representing  the  wave  propagation  vector. 

Here.  A0  is  the  maximum  amplitude  of  the  wave.  a>  = 2rrv.  where  v is  the 
frequency  of  the  light;  the  magnitude  of  the  wavevector  k is  k = 2n/k,  which  is 
known  as  the  wave  propagation  constant , with  k being  the  wavelength  of  the  light; 
and  e,  is  a unit  vector  lying  parallel  to  an  axis  designated  by  i. 

Note  that  the  components  of  the  actual  (measurable)  electromagnetic  field 
represented  by  Eq  (2-1)  arc  obtained  by  taking  the  real  part  of  this  equation.  For 
example,  if  k = ke:.  and  if  A denotes  the  electric  field  E with  the  coordinate  axes 
chosen  such  that  e(  = e»,  then  the  real  measurable  electric  field  is  given  by 

E,(r.  I)  — Re(E)  = er£o,  cos(a>/  — kz)  (2-2) 

which  represents  a plane  wave  that  vanes  harmonically  as  it  travels  in  the  z 
direction.  The  reason  for  using  the  exponential  form  is  that  it  is  more  easily 
handled  mathematically  than  equivalent  expressions  given  in  terms  of  sine  and 
cosine.  In  addition,  the  rationale  for  using  harmonic  functions  is  that  any  wave- 
form can  be  expressed  in  terms  of  sinusoidal  waves  using  Fourier  techniques. 

The  electric  and  magnetic  field  distributions  in  a train  of  plane  electromag- 
netic waves  at  a given  instant  in  tunc  are  shown  in  Fig.  2-2.  The  waves  arc  moving 
in  the  direction  indicated  by  the  vector  k.  Based  on  Maxwell's  equations,  it  is 
easily  shown : that  E and  H are  both  perpendicular  to  the  direction  of  propaga- 
tion. Such  a wave  is  called  a transverse  wa\<e.  Furthermore,  E and  H arc  mutually 
perpendicular,  so  that  E,  H.  and  k form  a set  of  orthogonal  vectors. 

The  plane  wave  example  given  by  Eq  (2-2)  has  its  electric  field  vector  always 
pointing  in  the  e,  direction.  Such  a wave  is  linearly  polarized  with  polarization 
vector  t,.  A general  state  of  polarization  is  described  by  considering  another 
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FIGURE  2-2 

Ekctric  anti  magnetic  field  ditlnbudom  in  a (rain  of  plane  electromagnetic  waves  at  a given  instant  in 
tunc 


linearly  polarized  wave  which  is  independent  of  the  first  wave  and  orthogonal  to 
it.  Let  this  wave  be 

E,(z.  I)  = e,  Eo , cosfo >t  -k:  + S)  (2-3) 

where  4 is  the  relative  phase  difference  between  the  waves.  The  resultant  wave  is 
then  simply 

E(r,  /)  = E,(e.  t)  + E,(r.  /)  (2-4) 

If  4 is  zero  or  an  integer  multiple  of  2n,  the  waves  arc  in  phase.  Equation  (2-4)  is 
then  also  u linearly  polarized  wave  with  a polarization  vector  making  an  angle 

8 = arctan  —■  (2-5) 

fifhr 

with  respect  to  e,  and  having  a magnitude 

£«(£*l  + £$r),'J  (2-6) 

This  case  is  shown  schematically  in  Fig.  2-3.  Conversely,  just  as  any  two  ortho- 
gonal plane  waves  can  be  combined  into  a linearly  polarized  wave,  an  arbitrary 
linearly  polarized  wuve  can  be  resolved  into  two  independent  orthogonal  plane 
waves  that  arc  in  phase. 


2.1.2  F.llipitical  and  Circular  Polarization 

For  general  values  of  4 the  wuve  given  by  Eq  (2-4)  is  clliplirally  polarized.  The 
resultant  field  vector  E will  both  rotate  and  change  its  magnitude  as  a function  of 
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Addition  of  two  linearly  polar  veil  waves  having  tcto  relative  plia»c  between  than 


the  angular  frequency  w.  From  F,qs.  (2-2)  and  (2-3)  we  can  show  lhal  (see  Prob 
2-5l  for  a general  value  of  <*. 


(2-7) 


which  o the  general  equation  of  an  ellipse  Thus,  as  Fig  2-4  show  s,  ihe  endpoint 
of  E will  trace  oul  an  ellipse  at  u given  point  in  space  The  axis  of  the  ellipse  makes 
.in  angle  a relative  to  the  x axis  given  by 


tan  2a  - 


2£o.Eo,  cos  <5 

*0J.  — ^0i 


(2-K) 


To  get  a better  picture  of  Eq.  (2-7),  let  us  align  the  principal  axis  of  the 
ellipse  with  the  i axis.  Then  or  = 0.  or.  equivalently.  A = ±.n/2.  ±3;r/2. . . . so  that 
tq.  (2-7)  becomes 


(2-*» 
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EIlipDcalty  poUnml  light  multi  from  the  Addition  of  two  linearly  polarized  wave*  of  unequal  ampli- 
tude having  a nonzero  ptuuc  difference  & between  them 


This  is  the  fumiltur  equation  of  an  ellipse  with  the  ongin  at  the  center  and  semi- 
axes  £o.  and  £o,. 

When  En«  = Eo*  = £o  and  the  relative  phase  difference  & = ±n)2  -f  2/ror. 
where  m = 0.  ±1,  ±2,  ..  then  we  have  circularly  polarized  light.  In  this  ease. 

Eq.  (2-9)  reduces  to 

E\  + E)  = El  (2-10) 

which  defines  a circle.  Choosing  the  positive  sign  for  J.  Eqs.  (2-2)  and  (2-3) 
become 

E,(r.  t)  = e,  £o  cos( tor  - kz)  (2-11) 

Er(s.  f)  = — er£o  stn(a>r  - kz)  (2-12) 

In  this  case,  the  endpoint  of  E will  trace  out  a circle  at  a given  point  in  space, 
as  Fig.  2-5  illustrates.  To  sec  this,  consider  an  observer  located  at  some  arbitrary 
point  znf  toward  whom  the  wave  is  moving.  For  convenience,  we  will  pick  this 
point  at  r - 7t/k  at  r = 0,  Then,  from  Eqs.  (2-11)  and  (2-12)  we  have 

E,(z.l)  = -*xEu  and  Ev(z.  f)  = 0 

so  that  E lies  along  the  negative  x axis  as  Fig.  2-5  shows.  At  a later  time,  say 
i = .t/2o>,  the  electric  field  vector  has  rotated  through  90  and  now  lies  along  the 
positive  y axis  at  Titus,  as  the  wave  moves  toward  the  observer  with  increas- 
ing time,  the  resultant  electric  field  vector  E rotates  clockwise  at  an  angular 
frequency  to.  It  makes  one  complete  rotation  as  the  wave  advances  through  one 
wavelength  Such  a light  wave  is  right  circularly  polarized. 
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FIGIRE  1-5 

Addilicm  of  Iwo  equal-amplitude  linearly  polarized  wave*  with  a relative  phiue  difference 
1 = afl  -f  Imx  mulls  in  a right  circularly  polarized  wave 

If  wc  choose  the  negative  sign  for  3,  then  the  electric  field  vector  is  given  by 
E = £o[e*  cosfoir  - kz)  + er  sin(u>r  — A:r)]  (2-13) 

Now  E rotates  counterclockwise  and  the  wave  is  left  circularly  polarized. 


2.1.3  The  Quantum  Nature  of  Light 

The  wave  theory  of  light  adequately  accounts  for  all  phenomena  involving  the 
transmission  of  light  However,  in  dealing  with  the  interaction  of  light  and  matter, 
tuch  as  occurs  in  dispersion  and  in  the  emission  and  absorption  of  light,  neither 
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the  particle  theory  nor  the  wave  theory  of  light  is  uppropriutc.  Instead,  we  must 
lum  to  quantum  theory,  which  indicates  that  optical  radiation  has  particle  as  well 
as  wave  properties  The  particle  nature  arises  from  the  observation  that  light 
energy  is  always  emitted  or  absorbed  in  discrete  units  called  quanta  or  photon*. 
In  all  experiments  used  to  show  the  existence  of  photons,  the  photon  energy  is 
found  to  depend  only  on  the  frequency  v.  This  frequency,  in  turn,  must  be  mea- 
sured by  observing  a wave  property  of  light. 

The  relationship  between  the  energy  E and  the  frequency  v of  a photon  is 
given  by 

E = hv  (2-14) 

where  h = 6.625  x I0"54  J s is  Planck’s  constant.  When  light  is  incident  on  an 
atom,  a photon  can  transfer  its  energy  to  an  electron  within  this  atom,  thereby 
exciting  it  to  a higher  energy  level  In  this  process  either  all  or  none  of  the  photon 
energy  is  imparted  to  the  electron  The  energy  ubsorbed  by  the  electron  must  be 
exactly  equal  to  that  required  to  excite  the  electron  to  a higher  energy  level 
Conversely,  an  electron  in  an  excited  state  can  drop  to  a lower  state  separated 
from  it  by  an  energy  hv  by  emitting  a photon  of  exactly  this  energy. 

2.2  BASIC  OPTICAL  LAWS 
AMD  DEFINITIONS 

We  shall  next  review  some  of  the  basic  optical  laws  and  definitions  relevant  to 
optical  fibers.  A fundamental  optical  parameter  of  a material  is  the  refractive 
index  (or  index  of  refraction)  In  free  space  a light  wave  travels  at  u speed 
c = 3 x 10“  m/s  The  speed  of  light  is  related  to  the  frequency  v and  the  wave- 
length k by  c = va.  Upon  entering  a dielectric  or  nonconducting  medium  the  wave 
now  travels  at  u speed  v,  which  is  characteristic  of  the  material  and  is  less  than  c 
The  ratio  of  the  speed  of  light  in  a vacuum  to  that  in  matter  is  the  index  of 
refraction  n of  the  material  and  is  given  by 

n = - (2-15) 

v 

Typical  values  of  n are  1.00  for  air,  1.33  for  water,  1.50  for  glass,  and  2.42  for 
diamond. 

The  concepts  of  reflection  and  refraction  can  be  interpreted  most  easily  by 
considering  the  behavior  of  light  rays  associated  with  plane  waves  traveling  in  a 
dielectric  material  When  a light  ray  encounters  a boundary  separating  two  dif- 
ferent media,  part  of  the  ray  is  reflected  back  into  the  first  medium  and  the 
remainder  is  bent  (or  refracted)  as  it  enters  the  second  material.  This  is  shown 
in  Fig.  2-6  where  bj  < «i  The  bending  or  refraction  of  the  light  ray  at  the  inter- 
face is  a result  of  the  difference  in  the  speed  of  light  in  two  materials  that  have 
different  refractive  indices  The  relationship  at  the  interface  is  known  as  Snell's 
law  and  is  given  by 


«i  sin  4>\  = itj  sin 


(2-16) 
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Refraction  and  reflection  of  a light  ray  at  a material  boundary. 


or,  equivalently,  as 

fl|  COS0!  * ItyCOSfh  (2-17) 

where  the  angles  are  defined  in  Fig.  2-6  The  angle  <pi  between  the  incident  ray  and 
the  normal  to  the  surface  is  known  as  the  angle  of  incidence. 

According  to  the  law  of  reflection,  the  angle  at  which  the  incident  ray 
strikes  the  interface  is  exactly  equal  to  the  angle  that  the  reflected  ray  makes  with 
the  same  interface.  In  addition,  the  incident  ray,  the  normal  to  the  interface,  and 
the  reflected  ray  all  lie  in  the  same  plane,  which  is  perpendicular  to  the  interface 
plane  between  the  two  materials.  This  is  called  the  plane  of  incidence.  When  light 
traveling  in  a certain  medium  is  reflected  olT  an  optically  denser  material  (one 
with  a higher  refractive  index),  the  process  is  referred  to  as  external  reflection. 
Conversely,  the  reflection  of  light  off  of  less  optically  dense  material  (such  as  light 
traveling  in  glass  being  reflected  at  u glass  air  interface)  is  called  internal 
reflection 

As  the  angle  of  incidence  <f> i in  an  optically  denser  material  becomes  larger, 
the  refracted  angle  approaches  rr/2.  Beyond  this  point  no  refraction  is  possible 
and  the  light  rays  become  totally  internally  reflected.  The  conditions  required  for 
total  internal  reflection  can  be  determined  by  using  Snell's  law  (Eq.  (2-16)]. 
Consider  Fig.  2-7,  which  shows  a glass  surface  in  air.  A light  ray  gets  bent  toward 
the  glass  surface  as  it  leaves  the  glass  in  accordance  with  Snell's  law  If  the  angle  of 
incidence  <tn  is  increased,  a point  will  eventually  be  reached  where  the  light  ray  in 
air  is  parallel  to  the  glass  surface.  This  point  is  known  as  the  critical  angle  of 
incidence  When  the  incidence  angle  is  greater  than  the  critical  angle,  the 
condition  for  total  internal  reflection  is  satisfied,  that  is,  the  light  is  totally 
reflected  buck  into  the  glass  with  no  light  escaping  from  the  glass  surface.  (This 
is  an  idealized  situation.  In  practice,  there  is  always  some  tunneling  of  optical 
energy  through  the  interface  This  can  be  explained  in  terms  of  the  electromag- 
netic wave  theory  of  light,  which  is  presented  in  Sec.  2.4.) 
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FIGURE  2-7 

Representation  of  the  cnlicuJ  angle  and  total  internal  reflection  at  a glass  air  interface 


As  an  example,  consider  the  glass-air  interface  shown  in  Fig.  2-7.  When  the 
light  ray  in  air  is  parallel  to  the  glass  surface,  then  = 90  " so  that  sin^  = I The 
critical  angle  in  the  glass  is  thus 

sin*,=-  (2-18) 

"i 


■■i  Example  2-1.  Using  n,  = I 50  for  glass  and  «2  = l .00  for  air.  is  about  52".  Any 
light  in  the  glass  incident  on  the  interface  at  an  angle  Oi  greater  than  $2°  is  totally 
reflected  back  into  the  glass. 

In  addition,  when  light  is  totally  internally  reflected,  a phase  change  S occurs 
in  the  reflected  wave.  This  phase  change  depends  on  the  angle  < n/2  - 
according  to  the  relationships' 


*,  (dcaron) 


FIGURE  2-8 

Phase  shifts  ocuumni  from  the  reflec- 
tion of  wave  components  normal  (4* ) 
and  parallel  (4,)  to  the  plane  of  inci- 
dence. 
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8*  Jn2CO*r6 1 - 1 

tan — = — 

2 n sin  #i 


(2-I9<j) 


ny/n2  cos:  0t  — I 
stn6>i 


(2- 1 9ft) 


Here.  8s  and  8P  are  the  phase  shifts  of  the  elcctnc-ficld  wave  components  normal 
and  parallel  to  the  plane  of  incidence,  respectively,  and  n = «i/«;  These  phase 
shifts  are  shown  in  Fig.  2-8  for  a glass-air  interface  (n  = 1.5  and  4>,  — 52").  The 
values  range  from  zero  immediately  at  the  critical  angle  to  tt/2  - <p,  when 
♦f  = 90“ 

These  basic  optical  principles  will  now  be  used  to  illustrate  how  optical 
power  is  transmitted  along  a liber 


2.3  OPTICAL  FIBER  MODES  AND 
CONFIGURATIONS 


Before  going  into  details  on  optical  fiber  characteristics  in  Sec.  2. 3 3.  we  first 
present  a brief  overview  of  the  underlying  concepts  of  optical  fiber  modes  and 
optical  fiber  configurations. 


2.3.1  Fiber  Types 

An  optical  fiber  is  a dielectric  waveguide  that  operates  at  optical  frequencies  fins 
fiber  waveguide  is  normally  cylindrical  in  form  It  confines  electromagnetic  energy 
in  the  form  of  light  to  within  its  surfaces  and  guides  the  light  in  a direction  parallel 
to  its  axis  The  transmission  properties  of  an  optical  waveguide  are  dictated  by  its 
structural  characteristics,  which  have  a major  effect  in  determining  how  an  optical 
signu)  is  afTcctcd  as  it  propagates  along  the  fiber.  The  structure  basically  estab- 
lishes the  information-carrying  capacity  of  the  fiber  and  also  influences  the 
response  of  the  waveguide  to  environmental  perturbations 

The  propagation  of  light  along  a waveguide  can  be  described  in  terms  of  a 
set  of  guided  electromagnetic  waves  called  the  modes  of  the  waveguide.  These 
guided  modes  are  referred  to  as  the  bound  or  trapped  modes  of  the  waveguide. 
Each  guided  mode  is  a pattern  of  electric  and  magnetic  field  distributions  that  is 
repeated  along  the  liber  at  equal  intervals.  Only  a certain  discrete  number  of 
modes  are  capublc  of  propagating  along  the  guide  As  will  be  seen  in  Sec  2.4, 
these  modes  are  those  electromagnetic  waves  that  satisfy  the  homogeneous  wave 
equation  in  the  fiber  and  the  boundary  condition  at  the  waveguide  surfaces. 

Although  many  different  configurations  of  the  optical  waveguide  have  been 
discussed  tn  the  literature,1  the  most  widely  accepted  structure  is  the  single  solid 
dielectric  cylinder  of  radius  a and  index  of  refraction  />■  shown  in  Fig  2-9.  This 
cylinder  is  known  as  the  core  of  the  fiber  The  core  is  surrounded  by  a solid 
dielectric  cladding  which  has  u refractive  index  n-  that  is  less  than  n\.  Although, 
tn  principle,  u cladding  is  not  necessary  for  light  to  propagate  along  the  core  of  the 
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Schematic  of  a single-fiber  itruttute  A 
circular  v>hil  core  of  refractive  index  n, 
tt  liirrounded  hy  a cladding  having  a 
refractive  index  1*3  < x,  An  elmUc  pLu- 
itc  buffet  encapsulates  the  liber. 


fiber,  it  serves  several  purposes.  The  cladding  reduces  scattering  loss  that  results 
from  dielectric  discontinuities  at  the  core  surface,  it  adds  mcchuntcal  strength  to 
the  fiber,  and  tl  protects  the  core  from  absorbing  surface  contaminants  with  which 
it  could  come  in  contact. 

In  low-  und  medium-loss  fibers  the  core  material  is  generally  glass  and  is 
surrounded  by  either  a glass  or  a plastic  cladding.  Higher-loss  plastic-core  fibers 
with  plastic  claddings  are  also  widely  in  use.  In  addition,  most  fibers  arc  encap- 
sulated in  an  elastic,  abrasion-resistant  plastic  material.  This  material  adds  further 
strength  to  the  fiber  and  mechanically  isolates  or  buffers  the  fibers  from  small 
geometrical  irregularities,  distortions,  or  roughnesses  of  adjacent  surfaces.  These 
perturbations  could  otherwise  cause  scattering  losses  indicated  by  random  micro- 
scopic bends  that  can  arise  when  the  fibers  are  incorporated  into  cables  or  sup- 
ported by  other  structures 

Variations  in  the  material  composition  of  the  core  give  rise  to  the  two 
commonly  used  fiber  types  shown  in  Fig.  2-10.  In  the  first  case,  the  refractive 
index  of  the  core  is  uniform  throughout  and  undergoes  an  abrupt  change  (or  step) 
at  the  cladding  boundary.  This  is  called  a step-index  fiber,  In  the  second  case,  the 
core  refractive  index  is  made  to  vary  as  a function  of  the  radial  distance  from  the 
center  of  the  fiber  This  type  is  a graded- index  fiber. 

Both  the  step-  and  the  graded-index  fibers  can  be  further  divided  into  single- 
mode  and  multimode  classes.  As  the  name  implies,  a single-mode  liber  sustains 
only  one  mode  of  propagation,  whereas  multimode  fibers  contain  many  hundreds 
of  modes.  A few  typical  sizes  of  single-  and  multimode  fibers  arc  given  in  Fig  2-10 
to  provide  an  idea  of  the  dimensional  scale  Multimode  fibers  ofTcr  several  advan- 
tages compared  with  single-mode  fibers  As  wc  shall  see  in  Chap.  5.  the  larger  core 
radii  of  multimode  fibers  make  it  easier  to  launch  optical  power  into  the  fiber  and 
facilitate  the  connecting  together  of  similar  fibers.  Another  advantage  is  that  light 
can  be  launched  into  a multimode  fiber  using  a light-emittmg-diode  (LFD) 
source,  whereas  single-mode  fibers  must  generally  be  excited  with  laser  diodes 
Although  LEDs  have  less  optical  output  power  than  laser  diodes  (as  we  shall 
discuss  in  Chap.  4),  they  are  easier  to  mnke.  are  less  expensive,  require  less  com- 
plex circuitry,  nnd  have  longer  lifetimes  than  laser  diodes,  thus  making  them  more 
desirable  in  certain  applications 

A disadvantage  of  multimode  fibers  is  that  they  suffer  from  intermodal 
dispersion  We  shall  describe  this  effect  in  detail  in  Chap.  3.  Briefly,  intermodal 
dispersion  can  he  described  as  follows.  When  an  optical  pulse  is  launched  into  a 
fiber,  the  optical  power  in  the  pulse  is  distributed  over  all  (or  most)  of  the  modes 
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of  the  fiber.  Each  of  the  modes  that  can  propagate  in  a multimode  fiber  travels  at 
a slightly  different  velocity.  This  means  that  the  modes  tn  a given  optical  pulse 
arrive  at  the  fiber  end  at  slightly  different  times,  thus  causing  the  pulse  to  spread 
out  in  time  us  it  travels  along  the  fiber.  This  cfTect,  which  is  known  as  intcrmodal 
dispersion  or  intermodtil  distortion,  can  be  reduced  by  using  a graded-index  profile 
in  a fiber  core.  This  allows  graded-index  fibers  to  have  much  larger  bandwidths 
idata  rate  transmission  capabilities)  then  step-index  fibers.  Even  higher  band- 
widths  are  possible  in  single-mode  fibers,  where  intermodal  dispersion  effects 
ate  not  present. 


2.3.2  Rays  and  Modes 

The  electromagnetic  light  field  that  is  guided  along  an  optical  fiber  can  be  repre- 
sented by  a superposition  of  bound  or  trapped  modes.  Each  of  these  guided 
modes  consists  of  a set  of  simple  electromagnetic  field  configurations.  For  mono- 
chromatic light  fields  of  radian  frequency  to,  a mode  traveling  in  the  positive  r 
direction  (i.e,.  along  the  fiber  axis)  has  a lime  and  : dependence  given  by 

f/tw-jb) 


38  OTTK  Al  HiF.KN  STAUCTl-'BFS.  » AVECiVUlINli  AND  FAIIUCATION 


The  factor  fi  is  the  r component  of  the  wave  propagation  constant  k = Irr/k  and  is 
the  main  parameter  of  interest  in  describing  fiber  modes.  For  guided  modes,  can 
assume  only  certain  discrete  values,  which  arc  determined  from  the  requirement 
that  the  mode  field  must  satisfy  Maxwell's  equations  and  the  electric  and  mag- 
netic field  boundary  conditions  at  the  core-cladding  interface  This  is  described  in 
detail  in  Sec  2.4 

Another  method  for  theoretically  studying  the  propagation  characteristics 
of  light  in  an  optical  fiber  is  the  geometrical  optics  or  ray-tracing  approach.  This 
method  provides  a good  approximation  to  the  light  acceptance  and  guiding  prop- 
erties of  optical  fibers  when  the  ratio  of  the  fiber  radius  to  the  wavelength  is  large 
This  is  known  as  the  small-wavelength  limit.  Although  the  ray  approach  is  strictly 
valid  only  in  the  zero-wavelength  limit,  it  is  still  relatively  accurate  and  extremely 
valuable  for  nonzero  wavelengths  when  the  number  of  guided  modes  is  large;  that 
is.  for  multimode  fibers.  The  advantage  of  the  ray  approach  is  that,  compared 
with  the  exact  electromagnetic  wave  (modal)  analysis,  it  gives  a more  direct 
physical  interpretation  of  the  light  propagation  characteristics  in  an  optical  fiber 

Since  the  concept  of  a light  ray  is  very  different  from  that  of  a mode,  let  us 
see  qualitatively  what  the  relationship  is  between  them.  (The  mathematical  details 
of  this  relationship  arc  beyond  the  scope  of  this  book  but  can  be  found  in  the 
literature.'*"'')  A guided  mode  traveling  in  the  : direction  (along  the  fiber  axis)  can 
be  decomposed  into  a family  of  superimposed  plunc  waves  that  collectively  form  a 
standing-wave  pattern  in  the  direction  transverse  to  the  fiber  axis.  That  is.  the 
phuscs  of  the  plane  waves  arc  such  that  the  envelope  of  the  collective  set  of  waves 
remains  stationary  24  Since  with  any  plane  wave  we  can  associate  a light  ray  that  is 
perpendicular  to  the  phase  front  of  the  wave,  the  family  of  plane  waves  corre- 
sponding to  a particular  mode  forms  a set  of  rays  called  a ray  congruence  Each 
ray  of  this  particular  set  travels  in  the  fiber  at  the  some  angle  relative  to  the  fiber 
axis.  We  note  here  that,  since  only  a certain  number  M of  discrete  guided  modes 
exist  in  a fiber,  the  possible  angles  of  the  ray  congruences  corresponding  to  these 
modes  arc  also  limited  to  the  same  number  M.  Although  a simple  ray  picture 
appears  to  allow  rays  at  any  angle  greater  than  the  critical  angle  to  propagate  in  a 
fiber,  the  allowable  quantized  propagation  angles  result  when  the  phase  condition 
for  standing  waves  is  introduced  into  the  ray  picture.  This  is  discussed  further  in 
See.  2.3.5. 


Despite  the  usefulness  of  the  approximate  geometrical  optics  method,  a 
number  of  limitations  and  discrepancies  exist  between  it  and  the  exact  modal 
unalysis.  An  important  case  is  the  analysis  of  single-mode  or  few-mode  fibers, 
which  must  be  dealt  with  by  using  electromagnetic  theory.  Problems  involving 
coherence  or  interference  phenomena  must  also  be  solved  with  an  electromagnetic 
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FIGURE  Z-ll 

Ray  optic*  representation  of 
»kew  nys  traveling  In  a step- 
index  optical  fiber  core 


as  the  light-acceptance  ability  of  the  fiber  and  power  losses  of  light  traveling  along 
a waveguide.6'10 

A greater  power  loss  arises  when  skew  rays  are  included  in’  the  analyses, 
since  many  of  the  skew  rays  that  geometric  optics  predicts  to  be  trapped  in  the 
fiber  are  actually  leaky  rays.512  0 These  leaky  rays  arc  only  partially  confined  to 
the  core  of  the  circular  optical  fiber  and  attenuate  as  the  light  travels  along  the 
optical  waveguide.  This  partial  reflection  of  leaky  rays  cannot  be  described  by 
pure  ray  theory  alone.  Instead,  the  analysis  of  radiation  loss  arising  from  these 
types  of  rays  must  be  described  by  mode  theory.  This  is  explained  further  in 
Sec  2.4 

The  meridional  ray  is  shown  in  Fig.  2-12  for  a step-index  fiber.  The  light  ray 
enters  the  fiber  core  from  a medium  of  refractive  index  n at  an  angle  Go  with 
respect  to  the  fiber  axis  and  strikes  the  core-cladding  interface  at  a normal  angle 
if  it  strikes  this  interface  at  such  an  angle  that  it  is  totally  internally  reflected, 
then  the  meridional  ray  allows  a zigzag  path  along  the  fiber  core,  passing  through 
the  axis  of  the  guide  after  each  reflection. 

From  Snell’s  law.  the  minimum  angle  <p„u„  that  supports  total  internal 
reflection  for  the  meridional  ray  is  given  by 

sin  &mn  = — (2-21) 

»i 


FIGURE  M2 

Meridional  ray  optic*  representa- 
tion of  the  propagation  media- 
rmm  in  on  ideal  tlep-index 
optical  waveguide 
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Rays  sinking  the  core-cladding  interface  at  angles  less  thun  will  refract  out  of 
the  core  and  he  lost  in  the  cladding  By  applying  Snell's  law  to  the  air  fiber  face 
boundary,  the  condition  of  Eq.  (2-21)  can  be  related  to  the  maximum  entrance 
angle  fVraiu  through  the  relationship 

n sin fti ....  = n\  sin0,  = (nf  - z^)1  /J  (2-22) 

where  dc  = n/2  — <$r.  Thus,  those  rays  having  entrance  angles  less  than 
will  be  totally  internally  reflected  at  the  core  cladding  interface 

Equution  (2-22)  also  defines  the  numerical  aperture  (NA)  of  a step-index 
fiber  for  meridional  rays: 

NA  =s  nsintio.mu  = (nf  - n}),ri  **  /»|>/2A  (2-23) 

The  upproximution  on  the  right-hand  side  is  valid  for  the  typical  case  where  A.  as 
defined  by  Eq.  (2-20).  is  much  less  than  I . Since  the  numerical  aperture  is  reluted 
to  the  maximum  acceptance  angle,  it  is  commonly  used  to  describe  the  light 
acceptance  or  gathering  capability  of  a fiber  and  to  calculate  sourcc-to-fiber 
optical  power  coupling  efficiencies.  This  is  detailed  in  Chap  5.  The  numerical 
aperture  is  a dimensionless  quunlity  which  is  less  than  unity,  with  values  normally 
ranging  from  0.14  to  0.50. 

F.xamptr  2.2.  Preferred  sires  of  multimode  glass  optical  fibers  and  their  correspond- 
ing numerical  apertures  are  as  follows: 
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2J.5  Wave  Representation  in  a Dielectric  Slab 
Waveguide 

Referring  to  Tig.  2-12,  the  ray  theory  appears  to  allow  rays  at  any  angle  <p  greater 
than  the  critical  angle  <p<  to  propagate  along  the  fiber.  However,  when  the  inter- 
ference effect  due  to  the  phase  of  the  plane  wave  associated  with  the  ray  is  taken 
into  account,  it  is  seen  that  only  waves  at  certain  discrete  angles  greater  thun  or 
equal  to  4>(  are  capable  of  propagating  along  the  fiber. 

To  see  this,  let  us  consider  wave  propagation  in  an  infinite  dielectric  slub 
waveguide  of  thickness  d.  Its  refractive  index  n\  is  greater  than  the  index  nj  of  the 
material  above  and  below  the  slab.  A wave  will  thus  propagate  in  this  guide 
through  multiple  reflections,  provided  that  the  angle  of  incidence  with  respect 
to  the  upper  and  lower  surfaces  satisfies  the  condition  given  in  Eq.  (2-22). 
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Kays  striking  the  core  cladding  interface  at  angles  less  than  0m, „ will  refract  out  of 
the  core  and  be  lost  in  the  cladding.  By  applying  Snell's  law  to  the  air-fiber  face 
boundary,  the  condition  of  Eq.  (2-21)  can  be  related  to  the  maximum  entrance 
angle  ^ through  the  relationship 

= "i  stnfl,  = («f  - wf)1' ; (2*22) 

where  9t  = n/2  - 0f  Thus,  those  rays  having  entrance  angles  f*,  less  than 
will  he  totally  internally  reflected  at  the  core  cladding  interface 

Equation  (2-22)  also  defines  the  numerical  aperture  (NA)  of  a step-index 
fiber  for  meridional  rays: 

NA  = « sin (rtf  - /tj),/:  % t»i  V2A  (2-23) 

The  approximation  on  the  nght-hand  side  is  valid  for  the  typical  case  where  A.  as 
defined  by  Eq.  (2-20),  is  much  less  than  I.  Since  the  numerical  aperture  is  related 
to  the  maximum  acceptance  angle,  it  is  commonly  used  to  describe  the  light 
acceptance  or  gathering  capability  of  a fiber  and  to  calculate  source-to-fiher 
optical  power  coupling  efficiencies.  This  is  detailed  in  Chap.  5.  The  numerical 
aperture  is  a dimensionless  quantity  which  is  less  than  unity,  with  values  normally 
ranging  from  0.14  to  0.50. 

mm  Example  2JL  Preferred  sues  of  multimode  glass  optica)  libers  and  their  correspond- 
ing numerical  apertures  arc  as  follows: 
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2.3.5  Wave  Representation  in  a Dielectric  Slab 
Waveguide 

Referring  to  Fig.  2-12.  the  ray  theory  appears  to  allow  rays  at  any  angle  0 greater 
than  the  critical  angle  0.-  to  propagate  along  the  fiber.  However,  when  the  inter- 
ference effect  due  to  the  phase  of  the  plunc  wave  associated  with  the  ray  is  taken 
into  account,  it  is  seen  that  only  wuves  at  certain  discrete  angles  greater  than  or 
equal  to  <t>,  arc  capable  of  propagating  along  the  fiber. 

To  sec  this,  let  us  consider  wave  propagation  in  un  infinite  dielectric  slab 
waveguide  of  thickness  <1  Its  refractive  index  «i  is  greater  than  the  index  n:  of  the 
material  above  and  below  the  slab,  A wave  will  thus  propagate  in  this  guide 
through  multiple  reflections,  provided  that  the  angle  of  incidence  with  respect 
to  the  upper  and  lower  surfaces  satisfies  the  condition  given  in  Eq  (2-22) 
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Figure  2-13  show  the  geometry  of  the  waves  reflecting  at  the  material  inter- 
faces. Here,  we  consider  two  rays,  designated  ray  I and  ray  2,  associated  with  the 
same  wave.  The  rays  are  incident  on  the  material  interface  at  an  angle 
0 < 0,  = jt/2  - The  ray  paths  in  Fig.  2-13  are  denoted  by  solid  lines  and 
their  associated  constant-phase  fronts  by  dashed  lines. 

The  condition  required  for  wave  propagation  in  the  dielectric  slab  is  that  all 
points  on  the  same  phase  front  of  a plane  wave  must  be  in  phase.  This  means  that 
the  phase  change  occurring  in  ray  I when  traveling  from  point  A to  point  B minus 
the  phase  change  in  ray  2 between  points  C and  D must  differ  by  an  integer 
multiple  of  2*.  As  the  wave  travels  through  the  material,  it  undergoes  a phase 
shift  A given  by 

A = k]S  = ntk.i  - /||2jt.»/A. 

where  k\  = the  propagation  constant  in  the  medium  of  refractive  index  /it 
k = k\/n\  is  the  frcc-space  propagation  constant 
s = the  distance  the  wave  has  traveled  in  the  material 

The  phase  of  the  wave  changes  not  only  as  the  wave  travels  but  also  upon  reflec- 
tion from  a dielectric  interface,  as  described  in  Sec.  2.2. 

In  going  from  point  A to  point  B.  ray  1 travels  a distance  q = d/  sin  0 in  the 
material,  and  undergoes  two  phase  changes  5 at  the  reflection  points.  Ray  2 does 
not  incur  any  reflections  in  going  from  point  C to  point  D.  To  determine  its  phase 
change,  first  note  that  the  distance  from  point  A to  point  D is  AD  = (<//  tan  0)- 
d tan  0.  Thus,  the  distance  between  points  C and  D is 

jj  = ADcosf?  = (cos:  0 - sinJ0h//sin0 
The  requirement  for  wave  propagation  can  then  be  written  os 

(i,  - a2)  + 2£  = turn  (2-24<j) 


Ph«»e  front  of 
dvwnwiM-tnvcIuti  wive 


nr.t.'RF.  mj 

Light  wave  propagating  along  a fiber  waveguide.  Phavc  change*  occur  both  a*  the  wave  travel*  through 
the  liber  medium  and  at  the  reflection  point*. 
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where  m = 0, 1. 2,  3 Substituting  tbe  expressions  for  j|  and  sj  into  Eq.  (2-24a) 

then  yields 


2jtwi  d Rcos2«-sin: 
k sin  6 l sin  0 


+ 2i  = Irrm 


(2-24 b) 


which  can  be  reduced  to 


2xn\dsia0  . 

t-  S = nm 


(2-24c) 


Considering  only  electric  waves  with  components  normal  to  the  plane  of  inci- 
dence. we  have  from  Eq.  (2- 19a)  that  the  phase  shift  upon  reflection  is 


<5  = -2  arctan 


JcotfO-iK/n]) 
sin  9 


(2-25) 


The  negative  sign  is  needed  here  since  the  wave  in  the  medium  must  be  a decaying 
and  not  a growing  wave.  Substituting  this  expression  into  Eq  (2-24c)  yields 


27r»i</sin# 


-!wi  = 2 arctan 


Jcm2  9 - (n^/nf  )1 


sin  9 


J 


(2-26a) 


or 


rr«|i/sin0  irm^ 

k T)~ 

Thus,  only  waves  that  have  those  angles  9 which  satisfy  the  condition  in  Eq.  (2-26) 
will  propagate  in  the  dielectric  slab  waveguide  (sec  Prob.  2-12). 


yjn\  cos 2 9 -n\ 
m sinfl 


(2-26A) 


2.4  MODE  THEORY  FOR  CIRCULAR 
WAVEGUIDES 

To  attain  a more  detailed  understanding  of  the  optical  power  propagation 
mechanism  in  u fiber,  it  is  necessary  to  solve  Maxwell's  equations  subject  to  the 
cylindrical  boundary  conditions  at  the  interface  between  the  core  and  the  cladding 
of  the  fiber.  Tim  has  been  done  in  extensive  detail  in  a number  of  works.7*10  ,4‘l* 
Since  a complete  treatment  is  beyond  the  scope  of  this  book,  only  a general 
outline  of  a simplified  (but  still  complex)  analysis  will  be  given  here. 

Before  going  into  the  details  of  mode  theory  in  circular  optical  fibers,  in  Sec. 
2.4  I we  first  give  a qualitative  overview  of  the  concepts  of  modes  in  a waveguide. 
Next,  Sec.  2.4.2  presents  a brief  summary  of  the  fundamental  results  obtained 
from  the  detailed  analyses  in  Secs.  2.4.3  through  2.4.9.  so  that  those  who  are  not 
familiar  with  Maxwell’s  equations  can  skip  over  those  sections  designated  by  a 
star  (*)  without  loss  of  continuity. 
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When  solving  Maxwell's  equations  for  hollow  metallic  waveguides,  only 
transverse  electric  (TE)  modes  and  transverse  magnetic  (TM)  modes  arc  found 
However,  in  optical  fibers  the  core  dudding  boundary  conditions  lead  to  a coup- 
ling between  the  electric  and  magnetic  field  components.  This  gives  rise  to  hybrid 
modes,  which  makes  optical  waveguide  analysis  more  complex  than  metallic 
waveguide  analysis.  The  hybrid  modes  arc  designated  as  HE  or  EH  modes, 
depending  on  whether  the  transverse  clcclnc  field  (the  E field)  or  the  transverse 
magnetic  field  (the  H field)  is  larger  for  that  mode  The  two  lowcst-order  modes 
are  designated  by  HEu  and  TEoi.  where  the  subscripts  refer  to  possible  modes  of 
propagation  of  the  optical  field. 

Although  the  theory  of  light  propagation  in  optical  fibers  is  well  under- 
stood, a complete  description  of  the  guided  and  radiation  modes  is  rather  complex 
since  it  involves  six-component  hybrid  electromagnetic  fields  that  have  very 
involved  mathematical  expressions  A simplification of  these  expression* 
can  be  carried  out.  in  practice,  since  fibers  usually  are  constructed  *o  that  the 
difference  in  the  core  and  cladding  indices  of  refraction  is  very  small,  that  is. 
«i  — 4C  I With  this  assumption,  only  four  field  components  need  to  be  con- 
sidered and  their  expressions  become  significantly  simpler  The  field  components 
arc  called  linearly  polarized  (LP)  modes  and  are  lubelcd  LP*,  where  j and  m are 
integers  designating  mode  solutions.  In  this  scheme  for  the  lowest-order  modes, 
each  LPo*,  mode  is  derived  from  an  HE|*  mode  and  each  l.P|«  mode  comes  from 
TE0„,,  1 Mom.  and  HE,**  modes.  Thus,  the  fundamental  LPui  mode  corresponds  to 
an  HEu  mode. 

Although  the  analysis  required  for  even  these  simplifications  is  still  fairly 
involved,  this  material  is  key  to  understanding  the  principles  of  optical  fiber 
operation.  In  Secs  2.4.3  through  2 4.9  we  first  will  solve  Maxwell’s  equation* 
for  a circular  step-index  waveguide  and  then  will  describe  the  resulting  solution* 
for  some  of  the  lower-order  modes. 

2.4.1  Overview  of  Modes 

Before  we  progress  with  a discussion  of  mode  theory  in  circular  optical  fibers,  let 
us  qualitatively  examine  the  appearance  of  modal  fields  in  the  planar  dielectric 
slab  waveguide  shown  in  Fig.  2-14.  This  waveguide  is  composed  of  a dielectric 
slab  of  refractive  index  «,  < which  we  shall  call  the  cladding.  This  represent* 
the  simplest  form  of  an  optical  waveguide  and  can  serve  as  a model  to  gain  an 
understanding  of  wave  propagation  in  optical  fibers.  In  fact,  a cross-sectional 
view  of  the  slab  waveguide  looks  the  same  as  the  cross-sectional  view  of  an  optical 
fiber  cut  along  its  axis.  Figure  2-14  shows  the  field  patterns  of  several  of  the  lower- 
order  transverse  electric  (TE)  modes  (which  arc  solutions  of  Maxwell’s  equution* 
for  the  slab  waveguide'"10).  The  order  of  a mode  is  equal  to  the  number  of  field 
zeros  across  the  guide  The  order  of  the  mode  is  ulso  related  to  the  angle  that  the 
ray  congruence  corresponding  to  this  mode  makes  with  the  plane  of  the  wave- 
guide (or  the  axis  of  a fiber);  that  is.  the  steeper  the  angle,  the  higher  the  order  of 
the  mode  The  plots  show  that  the  electric  fields  of  the  guided  modes  are  not 
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FIGURE  M4 

Electric  field  dutnbutioru  for  several  of  the  lower -order  guided  modes  in  a tymmelrical-slab  wave- 
guide 


completely  confined  to  the  central  dielectric  slab  (i.c.,  they  do  not  go  to  zero  at  the 
guide  cladding  interface),  but,  instead,  they  extend  partially  into  the  cladding. 
The  fields  vary  harmonically  in  the  guiding  region  of  refractive  index  ni  and  decay 
exponentially  outside  of  this  region  For  low-order  modes  the  fields  ure  tightly 
concentrated  near  the  center  of  the  slab  (or  the  axis  of  an  optical  fiber),  with  little 
penetration  into  the  cladding  region.  On  the  other  hand,  for  higher-order  modes 
the  fields  are  distributed  more  toward  the  edges  of  the  guide  and  penetrate  further 
into  the  cladding  region. 

Solving  Maxwell's  equations  shows  that,  in  addition  to  supporting  a finite 
number  of  guided  modes,  the  optical  fiber  waveguide  has  an  infinite  continuum  of 
radiation  modes  that  arc  not  trapped  in  the  core  and  guided  by  the  fiber  but  are 
still  solutions  of  the  same  boundary-value  problem  The  radiation  field  basically 
results  from  the  optical  power  that  is  outside  the  fiber  acceptance  angle  bring 
refracted  out  of  the  core.  Because  of  the  finite  radius  of  the  cladding,  some  of  this 
radiation  gets  trapped  in  the  cladding,  thereby  causing  cladding  modes  to  appear 
As  the  core  and  cladding  modes  propagate  along  the  fiber,  mode  coupling  occurs 
between  the  cladding  modes  and  the  higher-order  core  modes  This  coupling 
occurs  because  the  electric  fields  of  the  guided  core  modes  arc  not  completely 
confined  to  the  core  but  extend  partiully  into  the  cladding  (see  Fig.  2-14)  and 
likewise  for  the  cladding  modes.  A diffusion  of  power  hack  and  forth  between  the 
core  and  cladding  modes  thus  occurs;  this  generally  results  in  a loss  of  power  from 
the  core  modes  In  practice,  the  cladding  modes  will  be  suppressed  by  u lossy 
coating  which  covers  the  fiber  or  they  will  scatter  out  of  the  fiber  after  traveling  a 
certain  distance  because  of  roughness  on  the  cladding  surface. 

In  addition  to  bound  and  refracted  modes,  a third  category  of  modes  called 
leaky  is  present  in  optical  fibers  These  leaky  modes  are  only 

partially  confined  to  the  core  region,  and  attenuate  by  continuously  radiating 
their  power  out  of  the  core  as  they  propagate  along  the  fiber.  This  power  radia- 
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tion  out  of  the  waveguide  results  from  a quantum  mechanical  phenomenon 
known  as  the  tunnel  effect.  Its  analysis  is  fairly  lengthy  and  beyond  the  scope 
of  this  book-  However,  it  is  essentially  based  on  the  upper  and  lower  bounds  that 
the  boundary  conditions  for  the  solutions  of  Maxwell's  equations  impose  on  the 
propagation  factor  p.  A mode  remains  guided  as  long  as  P satisfies  the  condition 

n?k  < fi  < n\k 

where  nt  and  nj  arc  the  refractive  indices  of  the  core  and  cladding,  respectively, 
and  k = 2n/X.  The  boundary  between  truly  guided  modes  and  leaky  modes  is 
defined  by  the  cutoff  condition  p = njk.  As  soon  as  p becomes  smaller  than  njk, 
power  leaks  out  of  the  core  into  the  cladding  region.  Leaky  modes  can  carry 
significant  umounls  of  optical  power  in  short  fibers.  Most  of  these  modes  dis- 
appear after  a few  centimeters,  but  a few  have  sufficiently  low  losses  to  persist  in 
fiber  lengths  of  a kilometer 


2.4.2  Summary  of  Key  Modal  Concepts 

An  important  parameter  connected  with  the  cutoff  condition  is  the  V number 
defined  by 

2f2NA  (2-27) 

This  is  a dimensionless  number  that  determines  how  many  modes  a fiber  can 
support.  Except  for  the  lowcst-order  HEh  mode,  each  mode  can  exist  only  for 
values  of  V that  exceed  a certain  limning  value  (with  each  mode  having  a different 
V limit).  The  modes  arc  cut  off  when  p = njk.  This  occurs  when  V < 2.405.  The 
HE||  mode  has  not  cutoff  and  ceases  to  exist  only  when  the  core  diameter  is  zero. 
This  is  the  principle  on  which  single-mode  fibers  are  based.  The  details  for  these 
and  other  modes  are  shown  luter  in  Fig.  2-18. 

The  y number  can  also  be  used  to  express  the  number  of  modes  M in  a 
multimode  fiber  when  V is  large.  For  this  case,  an  estimate  of  the  total  number  of 
modes  supported  in  a fiber  is 


Since  the  field  of  a guided  mode  extends  partly  into  the  cladding,  as  shown 
in  Fig  2-14,  a final  quantity  of  interest  for  a step-index  fiber  is  the  fractional 
power  flow  in  the  core  and  cladding  for  a given  mode.  As  the  V number 
approaches  cutoff  for  any  particular  mode,  more  of  the  power  of  that  mode  is 
in  the  cladding.  At  the  cutoff  point,  the  mode  becomes  radiative  with  all  the 
optical  power  of  the  mode  residing  in  the  cladding.  Far  from  cutoff— that  is. 
for  large  values  of  V— the  fraction  of  the  average  optical  power  residing  in  the 
cladding  can  be  estimated  by 
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PiiMi  4 

ss — 


(2-29) 


where  P is  the  total  optical  power  in  the  fiber.  The  details  for  the  power  distribu- 
tion between  the  core  and  the  cladding  of  various  LP^  modes  are  shown  later  in 
Fig  2-22.  Note  that  since  M is  proportional  to  V2,  the  power  flow  in  the  cladding 
decreases  as  V increases.  However,  this  increases  the  number  of  modes  in  the 
fiber,  which  is  not  desirable  for  a high-band  width  capability. 


2.4.3  Maxwell’s  liquations* 

To  analyze  the  optical  waveguide  we  need  to  consider  Maxwell’s  equations  that 
give  the  relationships  between  the  electric  and  magnetic  fields.  Assuming  a linear, 
isotropic  dielectric  material  having  no  currents  and  free  charges,  these  equations 
take  the  form3 


„ „ 3B 

V x E = — — 

dr 

„ ..  31) 

V x H = — 

di 

V D = 0 

V B = 0 


(2- 30a) 

(2-30A) 

(2-30r) 

(2-30J) 


where  D =»E  and  B = /iH  The  parameter  t is  the  permittivity  (or  dielectric 
constant)  and  (i  is  permeability  of  the  medium. 

A relationship  defining  the  wave  phenomena  of  the  electromagnetic  fields 
can  be  derived  from  Maxwell's  equations.  Taking  the  curl  of  Eq.  (2.30u)  and 
making  use  of  Eq.  (2.30A)  yields 


3 3*E 

V x (V  x E)  = -/i-(V  x H)  = -tu-tf 

Using  the  vector  identity  (see  App.  B). 

V x (V  x E)  = V(V  • E)  - V:E 
and  using  Eq.  (2-30r)  (i.e..  V • E = 0),  Eq.  (2-3 lu)  becomes 


(2-3 1 1#) 


V:F.  = « 


tfr. 


1? 

Similarly,  by  taking  the  curl  of  Eq.  (2-306),  it  can  be  shown  that 

V3H 


tH 


3*11 


3 /•’ 


(2-3lfi) 


(2-3 Ic) 


Equations  (2-316)  and  (2-3 1c)  are  the  standard  wave  equations. 
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2.4.4  Waveguide  Fquatioas* 

Consider  electromagnetic  waves  propagating  along  the  cylindrical  fiber  shown  in 
Fig.  2-15.  For  this  fiber,  a cylindrical  coordinate  system  |r.  4>.  r|  is  defined  with  the 
z axis  lying  along  the  axis  of  the  waveguide  If  the  electromagnetic  waves  are  to 
propagate  along  the  r axis,  they  will  have  a functional  dependence  of  the  form 

E = E<>  (2-32n) 


H = Ho(r.  (2-32*) 

which  are  harmonic  in  time  i and  coordinate  The  parameter  fi  is  the  z compo- 
nent of  the  propagation  vector  and  will  be  determined  by  the  boundary  conditions 
on  the  electromagnetic  fields  at  the  core-cladding  interface  described  in  Sec.  2.4.6. 

When  Eqs.  (2-32u>  and  (2-32*)  are  substituted  into  Maxwell's  curl 
equations,  we  have,  from  F.q  (2.30a) 


J(iEr  + 

; [s'"*’ 


(2-33a) 

(2-33*) 

(2-33c) 


and.  from  Hq.  (2-30*). 


Kf  *jrfiH‘) 


i 

r 


jPH,  + -^  = 


(2-34a) 

(2-34*) 

(2-34e) 


FIGURE  2-15 

Cylindrical  coordinate  system  used  for  analyzing  electromagnetic  wave  propagation  ui  an  optical  fiber 
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By  eliminating  variables  these  equations  can  be  rewritten  such  that,  when  E,  and 
//;  jre  known,  the  remaining  transverse  components  E„  E+.  //,.  and  //*  can  be 
determined  For  example.  £*  or  H,  can  be  eliminated  from  Eqv  (2-33«)  and 
(2-34/>)  so  that  the  component  //*  or  respectively,  can  be  found  in  terms  of  E:  or 
H;  Doing  so  yields 


J ( BE,  ,tu>3H,\ 

i'  = -?|/,-5T  + T a) 

"'-m-ri) 

1) 


(2-35u) 
(2-35M 
(2-3 5c) 


(2-35*0 


where  = arcn  - p2  = k:  — (i2 

Substitution  of  F.qs.  (2-35c)  and  (2-35*f)  into  Eq.  (2-34o)  results  in  the  wave 
equation  in  cylindrical  coordinates. 


t?E:  I BE.  I fE, 
ik3  4 r Hr  * r3  ikfi2 


+ <r£.-  = o 


(2-36) 


and  substitution  of  Eqs.  (2-35a)  and  (2-356)  into  Eq  (2-33c)  leads  to 


8 lH-  I BH. 


im 

r a£‘ 


+ <r//.-  = o 


(2-37) 


It  i»  interesting  to  note  that  Eqs.  (2-36)  and  (2-37)  each  contain  cither  only 
£:  or  only  //...  This  appears  to  imply  that  the  longitudinal  components  of  E and  H 
are  uncoupled  and  can  be  chosen  arbitrarily  provided  that  they  satisfy  Eqs.  (2-36) 
and  (2-37)  However,  in  general,  coupling  of  E,  and  H:  is  required  by  the  bound- 
ary conditions  of  the  electromagnetic  field  components  described  in  Sec.  2.4.6  If 
the  boundary  conditions  do  not  lead  to  coupling  between  the  field  components, 
mode  solutions  can  be  obtained  in  which  other  E-  — 0 or  H,  — 0.  When  E.  = 0 
the  modes  are  called  transverse  electric  or  TE  modes,  and  when  H,  = 0 they  arc 
called  transverse  magnetic  or  TM  modes.  Hybrid  mode  exist  if  both  E;  and  H:  are 
nonzero.  These  arc  designated  as  HE  or  EH  modes,  depending  on  whether  H:  or 
£;.  respectively,  makes  a larger  contribution  to  the  transverse  field  The  fact  that 
the  hybrid  modes  are  present  in  optical  waveguides  makes  their  analysis  more 
complex  than  in  the  simpler  case  of  hollow  metallic  waveguides  where  only  TE 
and  I'M  modes  arc  found. 
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2.4.5  Wave  Equations  for  Step-Index  Fibers* 

We  now  use  the  above  results  to  find  the  guided  modes  in  a step-index  fiber.  A 
standard  mathematical  procedure  for  solving  equations  such  os  Eq.  (2-36)  is  to 
use  the  separation-of-vanables  method,  which  assumes  a solution  of  the  form 

Et  = AFAr)F2(<P)Fi(:)Fi[l)  (2-38) 

As  was  already  assumed,  the  time-  and  ; -dependent  factors  are  given  by 

F,(  :)F4{l)  = (2-39) 

since  the  wave  is  sinusoidal  in  time  and  propagates  in  the  r direction.  In  addition, 
because  of  the  circular  symmetry  of  the  waveguide,  each  field  component  must 
not  change  when  the  coordinate  <p  is  increased  hy  2n.  We  thus  assume  a periodic 
function  of  the  form 

Fi{<P) « t**  (2-40) 

The  constant  v can  be  positive  or  negative,  but  it  must  be  an  integer  since  the 
fields  must  be  periodic  in  <t>  with  a period  of  2rr. 

Substituting  Eq.  (2-40)  into  Eq.  (2-38),  the  wave  equation  for  E,  [Eq  2-36)] 
becomes 


I Of, 

dr2  r c*r  + 


= 0 


(2-41) 


which  is  a well-known  differential  equation  for  Bessel  functions.34'26  An  exactly 
identical  equation  can  be  derived  for  H:. 

For  the  configuration  of  the  step-index  fiber  we  consider  a homogeneous 
core  of  refractive  index  n\  and  radius  a,  which  is  surrounded  by  un  infinite  clad- 
ding of  index  nj.  The  reason  for  assuming  un  infinitely  thick  cladding  is  that  the 
guided  modes  in  the  core  have  exponentially  decaying  fields  outside  the  core  and 
these  must  have  insignificant  values  at  the  outer  boundary  of  the  cladding.  In 
practice,  optical  fibers  are  designed  with  claddings  that  arc  sufficiently  thick  so 
that  the  guided-mode  field  does  not  reach  the  outer  boundary  of  the  cladding  To 
get  an  idea  of  the  field  patterns,  the  electric  field  distributions  for  several  of  the 
lower-order  guided  modes  in  a symmetrical-slab  waveguide  were  shown  in  Fig. 
2-14.  The  fields  vary  harmonically  in  the  guiding  region  of  refractive  index  n,  and 
decay  exponentially  outside  of  this  region 

Equation  (2-41)  must  now  be  solved  for  the  regions  inside  and  outside  the 
core.  For  the  inside  region  the  solutions  for  the  guided  modes  must  remain  finite 
as  r -*  0,  whereas  on  the  outside  the  solutions  must  decay  to  zero  as  r -*•  oo. 
Thus,  for  r < a the  solutions  are  Bessel  functions  of  the  first  kind  of  order  v.  For 
these  functions  we  use  the  common  designation  Jy{ur).  Here,  u2  = *2  - /J2  with 
*i  = 2jtmi/A.  The  expressions  for  £•  and  //.  inside  the  core  are  thus 


EM  < a)  — AMurytJ+e*"1-*'  (2-42) 


H;(r  < a)  = w 


(2-43) 


where  A and  B arc  arbitrary  constants. 
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Outside  of  the  core  the  solutions  to  Eq.  (2-41)  are  given  by  modified  Bessel 
functions  of  the  second  kind.  JCv(wr),  where  w2  = (P  - 4c§  with  /tj  = henj/k.  The 
expressions  for  E,  and  H;  outside  the  core  are  therefore 

E.(r  > a)  - (2-44) 

H:(r  >o)  = DK,(wr)e>'+f*'«-*)  (2-45) 

with  C and  D being  arbitrary  constants. 

The  definitions  of  Jjtur ) and  K„(wr)  and  various  recursion  relations  arc 
given  in  App.  C.  From  the  definition  of  the  modified  Bessel  function,  it  is  seen 
that  K,(wr)  -*  f*"  as  wr  -»  oo.  Since  /fv(wr)  must  go  to  zero  as  r -*  oo.  it  follows 
that  u>  > 0.  This,  in  turn,  implies  that  0 > which  represents  a cutoff  condition. 
The  cutoff  condition  is  the  point  at  which  a mode  is  no  longer  bound  to  the  core 
region.  A second  condition  on  ft  can  be  deduced  from  the  behavior  of  Jv(ur). 
Inside  the  core  the  parameter  u must  be  real  for  F\  to  be  real,  from  which  it 
follows  that  k\  > ft.  The  permissible  range  of  /)  for  bound  solutions  is  therefore 

njk  = ki  < 0 < = »i| k (2-46) 

where  k = 2n/k  is  the  free-space  propagation  constant. 


2.4.6  Modal  Equation* 

The  solutions  for  must  be  determined  from  the  boundary  conditions.  The 
boundary  conditions  require  thnt  the  tangential  components  £*  and  E.  of  E inside 
and  outside  of  the  dielectric  interface  at  r = a must  be  the  same,  and  similarly  for 
the  tangential  components  and  H,.  Consider  first  the  tangential  components 
of  E For  the  : component  we  have,  from  Eq.  (2-42)  at  the  inner  core-cladding 
boundary  (£.  = £,i)  and  from  Eq.  (2-44)  at  the  outside  of  the  boundary 
(Ei  = E:i).  that 


Eji  - E&  = AJy(ua)  - CKj(wa)  = 0 (2-47) 

The  <p  component  is  found  from  Eq.  (2-356).  Inside  the  core  the  factor  q2  is 
given  by 

q2  = u2  = k1]-(?  (2-48) 

where  *i  = 2irii|/X  = while  outside  the  core 

w^  — — k2  (2-49) 

with  k ; = hxni/k  — Wy/ejji.  Substituting  Eqs.  (2-42)  and  (2-43)  into  Eq.  (2-35 b) 
to  find  E*i.  and,  similarly,  using  Eqs.  (2-44)  and  (2-45)  to  determine  £*i,  yields,  at 
r = a. 
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Outside  of  the  core  the  solutions  to  Eq.  (2-41)  are  given  by  modified  Bessel 
functions  of  the  second  kind.  Ku(wr),  where  h * = (£-!&  with  = 2jr/ij/jl.  The 
expressions  for  £.-  and  H;  outside  the  core  are  therefore 

Et(r  >a)  = CKAwr^+e*-*-*'  (2-44) 

HAr  > a)  = DKA"rW'J*e*a*-*)  (2-45) 

with  ( and  D bemg  arbitrary  constants. 

The  definitions  of  J*(ur)  and  £v(wt)  and  various  recursion  relations  are 
given  in  App.  C.  From  the  definition  of  the  modified  Bessel  function,  it  is  seen 
that  A'v<ht)  -*  e~”  as  kt  -*  oo.  Since  K*(  wr)  must  go  to  zero  as  r -♦  oo,  it  follows 
that  v*  > 0.  This,  in  turn,  implies  that  p > kj,  which  represents  a cutofT  condition 
The  cutoff  condition  is  the  point  at  which  a mode  is  no  longer  bound  to  the  core 
region  A second  condition  on  fi  can  be  deduced  from  the  behavior  of  /,.(ur)- 
Inside  the  core  the  parameter  u must  be  real  for  F\  to  be  real,  from  which  it 
follows  that  kt  > p.  The  permissible  range  of  P for  bound  solutions  is  therefore 

n2A  = kj  5 fi  < ki  = n\k  (2-46) 

where  k = 2n/k  is  the  free-space  propagation  constant. 


2.4.6  Modal  Equation* 

The  solutions  for  p must  be  determined  from  the  boundary  conditions.  The 
boundary  conditions  require  that  the  tangential  components  E+  and  £.  of  E inside 
and  outside  of  the  dielectric  interface  at  r = a must  be  the  same,  and  similarly  for 
the  tangential  components  H,  and  H:.  Consider  first  the  tangential  components 
of  E.  For  the  r component  we  have,  from  Eq.  (2-42)  at  the  inner  core  cladding 
boundary  (£  = £,t)  and  from  Eq.  (2  44)  at  the  outside  of  the  boundary 
(£-  = Ea).  that 


£„  - Ez2  = AJ,(ua)  - CKAwa)  = 0 (2-47) 

The  0 component  is  found  from  Eq.  (2-356).  Inside  the  core  the  factor  q2  is 
given  by 

q2  = u2=k2-p2  (2-48) 

where  kt  = 2mii/X  = while  outside  the  core 

w2  = p2-kj  (2-49) 

with  kj  — Irnii/X  = Substituting  Eqs.  (2-42)  and  (2-43)  into  Eq.  (2-356) 

to  find  £^i,  and.  similarly,  using  Eqs.  (2-44)  and  (2-45)  to  determine  £* j,  yields,  at 

r=»a. 
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E*i  - E42 


- 4 

- [rf*  A',(wo)  - Ow/IM  A'>tj)J  = 0 


(2-50) 


where  the  prime  indicates  differentiation  with  respect  to  the  argument. 

Similarly,  for  the  tangential  components  of  H it  is  readily  shown  that,  at 
r = a, 

//-1  - Ht  1 = BJJua)  - DKjwa)  = 0 (2-51) 

and 


W*i  - W*j  = - 4 1" B^-~Jjua)  + Aax  \ m/J(im>)  1 

U~l  “ J (2-52) 

- -L  j Z>^  A'»(mti)  + Cu*2wA'>fl)l  = 0 

Equations  (2-47).  (2-50).  (2-51).  and  (2-52)  arc  a set  of  four  equations  with 
four  unknown  coefficients.  A,  B,  C,  and  D.  A solution  to  these  equations  exists 
only  if  the  determinant  of  these  coefficients  is  zero: 


Jjua)  0 

^JAua)  &£j;\ua) 
0 J.(ua) 


—J2!L\j^uu)  P\jv{ua) 


-KJwa)  0 


£*•*«>  ^ 

0 -KJhv) 

-^AV(wfl)  j^KJwa) 


(2-53) 


Evaluation  of  this  determinant  yields  the  following  eigenvalue  equation  for  ft: 


(«7  v ■+•  Ku 


(2-54) 


where 


Jj(uu) 

uJJ.ua) 


and 


*:,= 

wKAwa) 


Upon  solving  Eq.  (2-54)  for  /).  it  will  be  found  that  only  discrete  values  restricted 
to  the  range  given  by  Eq.  (2-46)  will  be  allowed.  Although  Eq.  (2-54)  is  a com- 
plicated transcendental  equation  which  is  generally  solved  by  numerical  tech- 
niques. its  solution  for  any  particular  mode  will  provide  all  the  characteristics 
of  that  mode.  We  shall  now  consider  this  equation  for  some  of  the  lowest-ordeT 
modes  of  a step-index  waveguide. 
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2.4.7  Modes  in  Step-index  Fibers* 

To  help  describe  the  modes,  we  shall  first  examine  the  behavior  of  the  ./-type 
Bessel  functions.  These  are  plotted  in  Fig.  2-16  for  the  first  three  orders  The 
./•type  Bessel  functions  arc  similar  to  harmonic  functions  since  they  exhibit  oscil- 
latory behavior  for  real  k,  as  is  the  case  for  sinusoidal  functions.  Because  of  the 
oscillatory  behavior  of  J„.  there  will  be  m roots  of  Eq.  (2-54)  for  a given  v value. 
These  roots  will  be  designated  by  and  the  corresponding  modes  arc  either 
TE,*,.  TM,*,.  EH,.*,  or  HE,*,  Schematics  of  the  transverse  electric  field  patterns 
for  the  four  lowcst-ordcr  modes  over  the  cross  section  of  a step-index  fiber  are 
shown  in  Fig.  2-17. 

For  the  dielectric  fiber  waveguide,  all  modes  arc  hybrid  modes  except  those 
for  which  v sa  0.  When  v = 0 the  right-hand  side  of  Eq.  (2-54)  vanishes  and  two 
different  eigenvalue  equations  result.  These  are 


Jo  + K*  — 0 

(2-55a) 

or.  using  the  relations  for  J'  and  AfJ  in  App.  C, 

J,(U4)  A|(Kfl) 
uJo(ua)  uA'o(M'a) 

(2-556) 

which  corresponds  to  TEq*,  modes  (E;  - 0).  and 

*?Jo  + *fco  = 0 

(2-56a) 

or 

k\J^uu\  ( Af*i(wa)  Q 

uJnUui)  tvAnriw) 

(2-566) 

FIGURE  216 

Virulion  of  the  Bcucl  function  <S.(.v)  for  the  Tint  three  orders  (v  = 0. 1,2)  plotted  at  « function  of  v 
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FIGURE  H7 

CroM-wclioiul  view!  of  the  tnuuvene  electric  field  vector*  for  the  four  loweit-oider  model  in  ■ Hep- 
index  fiber 


which  corresponds  to  TMq*,  modes  (//.  = 0).  The  proof  of  this  is  left  as  an 
exercise  (see  Prob.  2-15). 

When  v / 0 the  situation  is  more  complex  and  numerical  methods  are 
needed  to  solve  Eq.  (2-54)  exactly.  However,  simplified  and  highly  accurate 
approximations  based  on  the  principle  that  the  core  and  cladding  refractive 
indices  are  nearly  the  same  have  been  derived  by  Snyder”  and  Glogc.3037  The 
condition  that  Hi  - nj  « I was  referred  to  by  Gloge  os  giving  rise  to  weakly 
guided  modes.  A treatment  of  these  derivations  is  given  in  Sec.  2.4.8. 

Let  us  examine  the  cutoff  conditions  for  fiber  modes.  As  was  mentioned  in 
relation  to  Eq.  (2-46),  a mode  is  referred  to  as  being  cut  off  when  it  is  not  longer 
bound  to  the  core  of  the  fiber,  so  that  its  field  no  longer  decays  on  the  outside  of 
the  core.  The  cutoffs  for  the  various  modes  are  found  by  solving  Eq.  (2-54)  in  the 
limit  w3  -♦  0.  This  is.  in  general,  fairly  complex,  so  that  only  the  results,141*  which 
are  listed  in  Table  2-1,  will  be  given  here. 

An  important  parameter  connected  with  the  cutoff  condition  is  the  normal- 
ized frequency  V (also  called  the  V number  or  V parameter ) defined  by 

v1 = or2 + h-v  = -*b= (x)  naJ  (2*57) 

which  is  a dimensionless  number  that  determines  how  many  modes  a fiber  can 
support  The  number  of  modes  that  can  exist  in  a waveguide  as  a function  of  V 
may  be  conveniently  represented  in  terms  of  a normalized  propagation  constant  b 
defined  by  30 
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TABI.E  2-1 

Cutoff  conditions  for  some  lower-order  modes 


V 

Mode 

Cutoff  condition 

0 

TEq*.  TMft. 

Jtf.ua)  — 0 

1 

HE,.,  EH,. 

>2 

EH- 

A<«a)  = o 

HE- 

(^+i)7..,(uo)-^T^uo) 

b 


oV  (fi/kf  - n \ 

T5"* 


A plot  of  b (in  terms  of  fi/k)  as  a function  of  V is  shown  in  Fig.  2-18  for  a few  of 
the  low-order  modes.  This  figure  shows  that  each  mode  can  exist  only  for  values 
of  V that  exceed  a certain  limiting  value.  The  modes  arc  cut  ofT  when  fl/k  = nj. 
The  HE]  i mode  has  no  cutofT  and  ceases  to  exist  only  when  the  core  diameter  is 
zero  This  is  the  principle  on  which  the  single-mode  fiber  is  based.  By  appropri- 
ately choosing  a,  /i|,  and  so  that 


V = 


2.405 


(2-58) 


NomuliKtl  frequency  V 


nClRf  2-1* 

Plow  of  the  propagation  cotutant  (in  leran  of  p/k)  u a function  of  I’  for  a few  of  the  lo  weal -order 
model 
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which  is  the  value  at  which  the  lowest-ordcr  Bessel  function  Jq  = 0 (see  Fig.  2*16), 
all  modes  except  the  HEn  mode  urc  cut  off 

MB  Example  2-3.  A ttep-mdex  fiber  ha*  a normalized  frequency  V 26  6 at  a 1300-nm 
wavelength  If  the  core  radius  is  25  pm.  let  us  find  the  numerical  aperture.  From  Eqs. 
(2-23)  and  (2-50)  we  have 


K = 


or 


NA 


2mi 


> 26.6 


1.3 

2*125) 


= 0.22 


The  parameter  V can  also  be  related  to  the  number  of  modes  M in  a multi- 
mode  fiber  when  M is  large.  An  approximate  relationship  for  step-index  fibers  can 
be  derived  from  ray  theory.  A ray  congruence  incident  on  the  end  of  a fiber  will  be 
accepted  by  the  fiber  if  it  lies  within  un  angle  0 defined  by  the  numerical  aperture 
as  given  in  Eq.  (2-23): 

NA  = smfl  = (nj  - nj)l/J  (2-59) 

For  practical  numerical  apertures,  sinfl  is  small  so  that  sint)  ~ 8.  The  solid  accep- 
tance angle  for  the  fiber  is  therefore 


S2  = nfP  = jr (/if  — nj)  (2-60) 

For  electromagnetic  radiation  of  wavelength  A emanating  from  a laser  or  a wave- 
guide. the  number  of  modes  per  unit  solid  angle  is  given  by  24 /A\  where  A is  the 
area  the  mode  is  leaving  or  entering.  '*  The  area  A in  this  case  is  the  core  cross 
section  jut.  The  factor  2 comes  from  the  fact  that  the  plane  wave  can  have  two 
polarization  orientations  The  total  number  of  modes  M entering  the  fiber  is  thus 
given  by 


M 


2 4_  zjra- , j 3 r ~ 

- p-n=-7T- 


2*I«rI 

TT 


2 


(2-61) 


2.4.8  Linearly  Polarized  Modes* 

As  may  be  apparent  by  now.  the  exact  analysis  for  the  modes  of  a fiber  is 
mathematically  very  complex.  However,  a simpler  but  highly  accurate  approxi- 
mation can  be  used,  based  on  the  principle  that  in  a typical  step-index  fiber  the 
difference  between  the  indices  of  refraction  of  the  core  und  cladding  is  very  small; 
that  is,  A 4C  I This  is  the  basis  of  the  weakly  guiding  fiber  approximation ,7  l,  JO  J7 
In  this  approximation  the  electromagnetic  field  patterns  and  the  propa- 
gation constants  of  the  mode  pairs  HEV..|  „ and  are  very  similar 

This  holds  likewise  for  the  three  modes  TEo™,  TMh*,.  and  HEi*.  This  can  be  seen 
from  Fig  2-18  with  (v.  ro)  = (0, 1)  and  (2,1)  for  the  mode  groupings 
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|HE|,|,  |TEo,.  TMoi.  HE;,|.  (HE,,.  EH„).  (HE12|.  |HE»i.  EH2|},  and 
|TE«.  TM(ij.  HEjjj.  The  result  is  that  only  four  field  components  need  to  be 
considered  instead  of  six,  and  the  field  description  is  further  simplified  by  the  use  of 
caretesian  instead  of  cylindrical  coordinates. 

When  A<r  I wc  have  that  A;?  ar/J*.  Using  these  approximations.  Eq. 
(2-54)  becomes 

J,  + K>  = + tf-62) 


Thus.  Eq.  (2-556)  for  TEo*  modes  is  the  same  as  Eq.  (2-566)  for  TMnm  modes 
Using  the  recurrence  relations  for  7,’  and  A','  given  in  App.  C.  we  gel  two  sets  of 
equations  for  Eq.  (2-62)  for  the  positive  and  negative  signs.  The  positive  sign 
yields 


AV„i(k<i> 

i JJua)  wKJwa) 


(2-63) 


The  solution  of  this  equation  gives  a set  of  modes  called  the  EH  modes  For  the 
negative  sign  in  Eq.  (2-62)  wc  get 


Jr-Aua)  A„-,(h'o)  „ 

— — (j 

uJ„(ua)  w At-(  wo) 


(2-64a) 


or.  alternatively,  taking  the  inverse  of  Eq.  (2-64o)  and  using  the  first  expressions 
for  J,\ua)  and  A„(m<i)  from  Sec.  C.1.2  and  Sec.  C.2.2, 


uJr-Auu)  wAV-j(Wtl) 
J^Aua)  ~ Kr-Awa) 

This  results  in  a set  of  modes  called  the  HE  modes. 
If  wc  define  a new  parameter 


(2-646) 


1 for  TE  and  TM  modes 

j = v + I for  EH  modes 

• v — I for  HE  modes 

then  Eqs.  (2-556),  (2-63).  and  (2-646)  can  be  written  in  the  unified  form 


(2-65) 


uJ,-Aua)  _ a Ay.|(tra) 
J)(ua)  Kj(wa) 


(2-66) 


Equations  (2*65)  and  (2-66)  show  that  within  the  weakly  guiding  approx- 
imation all  modes  characterized  by  a common  set  of  j and  m satisfy  the  same 
characteristic  equation.  This  means  that  these  modes  are  degenerate.  Thus,  if  an 
HE„,|  „ mode  is  degenerate  with  an  EH^-i,*  mode  (i.e.,  if  HE  and  EH  modes  of 
corresponding  radial  order  m and  equal  circumferential  order  v form  degenerate 
pairs),  then  any  combination  of  an  llE^i,n  mode  with  an  EHv-i.m  mode  will 
likewise  constitute  a guided  mode  of  the  fiber. 

Glogc-'0  proposed  that  such  degenerate  modes  be  called  linearly  polarized 
(LP)  modes,  and  be  designated  LP,„  modes  regardless  of  their  TM.  TE,  EH,  or 
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HE  field  configuration.  The  normalized  propagation  constant  b as  a function  of  V 
is  given  for  various  LP^  modes  in  Fig.  2-19  In  general,  we  have  the  following: 

1.  Each  LPoni  mode  is  derived  from  an  HE|„  mode. 

2.  Each  LP|m  mode  comes  from  TEq*,,  TMo*,,  and  HE>,  modes. 

3.  Each  LP^,,  mode  (v  > 2)  is  from  an  HE^.|,m  and  an  EHP  |.TO  mode. 

The  correspondence  between  the  ten  lowest  LP  modes  (i.e.,  those  having  the 
lowest  cutoff  frequencies)  and  the  traditional  TM,  TE,  EH,  and  HE  modes  is 
given  in  Table  2-2.  This  table  also  shows  the  number  of  degenerate  modes. 

A very  useful  feature  of  the  LP-modc  designation  is  the  ability  to  readily 
visualize  a mode  In  a complete  set  of  modes  only  one  electric  and  one  magnetic 
field  component  arc  significant  The  electric  field  vector  E can  be  chosen  to  he 
along  an  arbitrary  axis,  with  the  magnetic  field  vector  H being  perpendicular  to  it. 
In  addition,  there  are  equivalent  solutions  with  the  field  polarities  reversed.  Since 
each  of  the  two  possible  polarization  directions  can  be  coupled  with  either  a cosytf 
or  a sin J4>  azimuthal  dependence,  four  discrete  mode  patterns  can  be  obtained 
from  a single  LP,*,  label.  As  an  example,  the  four  possible  electric  and  magnetic 
field  directions  and  the  corresponding  intensity  distributions  for  the  LPu  mode 
are  shown  in  Fig.  2-20.  Figures  2-2la  and  2-2 1 A illustrate  how  two  LPu  modes  arc 
composed  from  the  exact  HEji  plus  TE«i  and  the  exact  HEn  plus  TM„|  modes, 
respectively. 


v 


FIGURE  2-19 

Plot*  of  the  propagation  constant  b s*  • function  of  I'  far  vinous  IP*,  mode*  (Reproduced  vritti 
permission  from  Gloge  *) 
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TABI.F.  2-2 

Composition  of  the  lower-order  linearly  polarized  modes 


IP -mode 
dnlgiMtioa 

Number  of 
degmcralr  mode* 

number  of  modes 

LPm 

HE,,  x 2 

2 

Lf,> 

TEo,.  TM„,  HEj,  x2 

4 

u*3, 

EH„  x 2.  HE,,  x 2 

4 

U\c 

HE,,  x 2 

2 

LPi, 

EH:,  x 2.  HE,i  x 2 

4 

LPi: 

TBflj.  TMo2.  HEa  * 2 

4 

LP<i 

EHj,  x 2,  HE,,  x 2 

4 

LPy 

EH,j  x 2.  HE,;  x 2 

4 

l-Pai 

HE,,  x2 

2 

LP,, 

EH4,  x 2.  HE*,  x 2 

4 

2.4.9  Power  Flow  in  Step-Index  Fibers* 

A final  quantity  of  interest  for  step-index  fibers  is  the  fractional  power  flow  in  the 
core  and  cladding  for  a given  mode.  As  illustrated  in  Fig.  2-14.  the  electromag- 
netic field  for  a given  mode  docs  not  go  to  zero  at  the  core-cladding  interface,  but 
changes  from  an  oscillating  form  in  the  core  to  an  exponential  decay  in  the 
cladding.  Thus,  the  electromagnetic  energy  of  a guided  mode  is  carried  partly 
in  the  core  and  partly  in  the  cladding.  The  further  away  a mode  is  from  its  cutoff 
frequency,  the  more  concentrated  its  energy  is  in  the  core.  As  cutoff  is 


B horironulK  poUruod 


FIGURE  1-20 

The  four  paiaiblr  tmuv«nc  elocmc  field  and  magnetic  field  directions  and  the  corresponding  intenaity 
distributions  for  the  LI’,,  mode 
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Fictmc  2-21 

dir,r’ui‘,n  °f  ,W°  LP"  nHXt“  fr°m  Wod“  and  lhc,r  ,r*n,vcr»c  elect,*  field  and  inien«ty 
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approached,  the  Held  penetrates  further  into  the  cladding  region  and  a greater 
percentage  of  the  energy  travels  in  the  cladding.  At  cutoff  the  field  no  longer 
decays  outside  the  core  and  the  mode  now  becomes  a fully  radiating  mode. 

The  relative  amounts  of  power  flowing  in  the  core  and  the  cladding  can  be 
obtained  by  integrating  the  Poynting  vector  in  the  axial  direction, 

S,  = | Ret  Ex  ID  e.  (2-67) 


over  the  fiber  cross  section  Thus,  the  powers  in  the  core  and  cladding,  respec- 
tively. are  given  by 


Pc,™  = i £ r{EtH'Y  - E,H\)d$dr 
Pcua  = i£° 


(2-68) 

(2-69) 


where  the  asterisk  denotes  the  complex  conjugate.  Glogc30,3''  has  shown  that, 
hosed  on  the  weakly  guided  mode  approximation,  which  has  an  accuracy  on 
the  order  of  the  index  difference  A between  the  core  and  cladding,  the  relative 
core  and  cladding  powers  for  a particular  mode  v arc  given  by 

<2-70’ 


and 


P c.Ud  _ | _ Peon 

P ~ P 


(2-71) 


where  P is  the  total  power  in  the  mode  i»  The  relationships  between  Patlt  and  /»-!..< 
are  plotted  in  Fig.  2-22  in  terms  of  the  fractional  powers  f’con/P  and  Pa.<t/P  for 
various  LP^,  modes.  In  addition,  far  from  cutoff  the  average  total  power  in  the 
cladding  has  heen  derived  for  fibers  in  which  many  modes  can  propagate  Because 
of  this  large  number  of  modes,  those  few  modes  that  arc  appreciably  close  to 
cutoff  can  be  ignored  to  a reasonable  approximation.  The  derivation  assumes  an 
incoherent  source,  such  as  a tungsten  filament  lamp  or  a light-emitting  diode, 
which,  in  gencrul.  excites  every  fiber  mode  with  the  same  amount  of  power.  The 
total  average  cladding  power  is  thus  approximated  by3n 


(2-72) 

V " / loul 

where,  from  Eq.  (2-61),  M is  the  total  number  of  modes  entering  the  fiber.  From 
Fig  2-22  and  Eq.  (2-72)  it  can  be  seen  that,  since  M is  proportional  to  F3,  the 
power  flow  in  the  cladding  decreases  as  V increases. 


Example  2-4.  Ax  an  example,  consider  a fiber  having  a core  radius  of  25pm.  a core 
index  or  I 48,  and  A = 0 01  At  an  operating  wavelength  of  0.84  pm  the  value  of  V » 
39  and  there  are  760  modes  in  ihc  fiber.  From  Eq.  (2*72),  approximately  5 percent  of 
the  power  propagates  in  the  cladding  If  A is  decreased  lo,  say.  0,003  in  order  to 
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FIGIKF  2-22 

Fractional  power  flow  in  the  cladding  of  a «ep- index  optical  fiber  at  a function  of  V When  v **  I,  the 
curve  number*  wn  deugnate  the  HF.,,„  and  EH,..  i.„  mode*.  For  v = I.  the  curve  number*  vm  give 
the  HF>,,  TWc„.  and  TMta  mode*  (Reproduced  with  permission  from  Glogc.w) 


decrease  signal  dispersion  (see  Chap  3),  then  242  modes  propagate  in  the  fiber  and 
about  9 percent  of  the  power  resides  in  the  cladding  For  the  case  of  the  single-mode 
fiber,  considering  the  LP0i  mode  (the  HEu  mode)  in  Fig.  2-22,  it  is  seen  that  for 

V = I about  70  percent  of  the  power  propagates  in  the  cladding,  whereas  for 

V - 2.405,  which  is  where  the  LPu  mode  (the  TEoi  mode)  begins,  approximately 
84  percent  of  the  power  is  now  within  the  core. 


2.5  SINGLE-MODE  FIBERS 

Single-mode  fibers  arc  constructed  by  letting  the  dimensions  of  the  core  diameter 
be  a few  wavelengths  (usually  8-12)  and  by  having  small  index  differences 
between  the  core  and  the  cladding.  From  Eq.  (2-27)  or  (2-58)  with  V = 2.4,  it 
can  be  seen  that  single-mode  propagation  is  possible  for  fairly  large  variations  in 
values  of  the  physical  core  size  a and  the  core-cladding  index  differences  A. 
However,  in  practical  designs  of  single-mode  fibers,77  the  core-cladding  index 
difference  vanes  between  0.2  and  1.0  percent,  and  the  core  diameter  should  be 
chosen  to  be  just  below  the  cutoff  of  the  first  higher-order  mode:  that  is.  for  V 
slightly  less  than  2.4.  For  example,  a typical  single-mode  fiber  may  have  a core 
radius  of  3ftm  and  a numencul  aperture  of  0.1  at  a wavelength  of  0.8  /rnv  From 
Eqs.  (2-23)  and  (2-57)  (or  Eq.  (2-27)),  this  yields  V = 2.356. 
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2.5.1  Mode-Field  Diameter 

For  single-mode  fibers  the  geometric  distribution  of  light  in  the  propagating  mode 
(rather  than  the  core  diameter  and  the  numerical  aperture)  is  what  is  important 
when  predicting  the  performance  characteristics  of  these  fibers.  Thus,  a funda- 
mental parameter  of  a single-mode  fiber  is  the  mode-field  diameter  (MFD).'0''' 
Hus  parameter  can  be  determined  from  the  mode-field  distribution  of  the  funda- 
mental LPcii  mode.  The  mode-field  diameter  is  analogous  to  the  core  diameter  m 
multimode  fibers,  except  that  in  single-mode  fibers  not  all  the  light  that  propa- 
gates through  the  fiber  is  carried  in  the  core.  This  is  illustrated  in  Fig.  2-23. 

A variety  of  models  for  characterizing  and  measuring  the  MFD  have  been 
proposed. w-”  56*40.  The  mam  consideration  in  all  these  methods  is  how  to 
approximate  the  electric  field  distribution  First,  let  us  ussumc  the  distribution 
to  be  gaussian:21 

E(r)  = £<)  exp(  -r2  / IFq)  (2-73) 

where  r is  the  rudius,  £0  is  the  field  at  zero  radius,  and  (fo  is  the  width  of  the 
clectnc  field  distribution.  Then,  one  method  is  take  the  width  21V0  of  the  MFD  to 
be  twice  the  e* 1 radius  of  the  optical  clectnc  field  (which  is  equivalent  to  the  e-3 


F1CUBE  2-23 

Distribution  of  light  to  a tingle-mode  Tiber  above  its 
cutoff  wavelength  For  a gaussi.ui  distribution,  the 
MFD  is  given  by  the  \jr  width  of  the  optical  power 
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radius  of  the  optical  power)  given  in  Eq.  (2-73).  The  MFD  width  2 of  the  l.P«( 
mode  can  then  be  defined  as 


rf2(r)</r 


(2-74) 


where  £(r)  denotes  the  field  distribution  of  the  LP0|  mode.  This  definition  is  not 
unique,  and  severul  others  have  been  proposed.31  Also  note  that,  in  general,  the 
mode  field  varies  with  the  refractive  index  profile  and  thus  deviates  from  a gaus- 
sian  distribution. 


2.5.2  Propagation  Modes  in  Single-Mode  Fibers 

As  described  in  Sec.  2.4.8.  in  any  ordinary  single-mode  fiber  there  are  actually  two 
independent,  degenerate  propagation  modes  '4  41'4’  These  modes  are  very  similar 
but  their  polarization  planes  are  orthogonal  These  may  be  chosen  arbitrarily  as 
the  horizontal  (H)  and  the  vertical  (V)  polarizations  as  shown  in  Fig.  2-24.  Either 
one  of  these  two  polarization  modes  constitutes  the  fundamental  HEn  mode.  In 
general,  the  electric  field  of  the  light  propagating  along  the  fiber  is  a linear  super- 
position of  these  two  polarization  modes  and  depends  on  the  polarization  of  the 
light  at  the  launching  point  into  the  fiber. 

Suppose  we  arbitrarily  choose  one  of  the  modes  to  have  its  transverse  elec- 
tric field  polarized  along  the  x direction  and  the  other  independent  orthogonal 
mode  to  be  polarized  in  the  y direction  as  shown  in  Fig.  2-24.  In  ideal  fibers  with 
perfect  rotational  symmetry,  the  two  modes  arc  degenerate  with  equal  propaga- 
tion constants  </;*  = and  any  polarizntion  state  injected  into  the  fiber  will 
propagate  unchanged  In  actual  fibers  there  arc  imperfections,  such  as  asymme- 
trical lateral  stresses,  noncircular  cores,  and  variations  in  refractive-index  profiles 
These  imperfections  break  the  circular  symmetry  of  the  ideal  fiber  and  lift  the 
degeneracy  of  the  two  modes.  The  modes  propagate  with  different  phase  velo- 
cities, and  the  difference  between  their  effective  refractive  indices  is  called  the  fiber 
birefringence, 

Bf  =nr-n,  (2-75) 


FIGURE  2-24 

Two  polarization*  ot  the  fund* 
menial  HE,,  mode  in  a single- 
mode  libel 
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Equivalently,  we  may  define  the  birefringence  as 

P = ko(nf  - nx)  (2-76) 

where  k <>  = ln/k  is  the  frce-space  propagation  constant. 

If  light  is  injected  into  the  fiber  so  that  both  modes  are  excited,  then  one  will 
be  delayed  in  phase  relative  to  the  other  as  they  propagate  When  this  phase 
difference  is  an  integral  multiple  of  2jt.  the  two  modes  will  beat  at  this  point 
and  the  input  polarization  state  will  be  reproduced.  The  length  over  which  this 
beating  occurs  is  the  fiber  beat  length, 

(2-77) 


F.xumplr  2-5.  A single  mode  optical  fiber  has  a beat  length  of  8 cm  at  1300  nm 
From  Eqs.  (2-75)  to  (2-77)  we  have  that  the  modal  birefringence  i» 


_ k 1.3xl0~*m  ...  ... 

R,  = «,-*,=  — = — r— ; = 1.63  X 10 


of,  alternatively. 


8 x 10  * m 


„ 2u  2jt 

p = — as  r-rr — » 78.5  m 
r Lp  0.08  m 


This  indicates  an  intermediate-type  Tiber,  since  birefringences  con  vary  from 
Bt  = I x 10"*  (a  typical  high-birefnngrncc  fiber)  to  Bf  = I x 10  * (a  typical  low- 
btrcfrtngence  fiber). 


2.6  GRADED-INDEX  FIBER  STRUCTURE 

In  the  gmded-index  fiber  design  the  core  refractive  index  decreases  continuously 
with  increasing  radial  distance  r from  the  center  of  the  fiber,  but  is  generally 
constant  in  the  cladding.  The  most  commonly  used  construction  for  the 
refractive-index  variation  in  the  core  is  the  power  law  relationship 


4-“©r 

for  0 < r < o 

(2-78) 

«i(l  - 2A)1'2  ~ /#|(  1 - A)  = «l) 

for  r > a 

Here,  r is  the  radial  distance  from  the  fiber  axis,  a is  the  core  radius,  ri|  is  the 
refractive  index  at  the  core  axis,  nj  is  the  refractive  index  of  the  cladding,  and  the 
dimensionless  parameter  a defines  the  shape  of  the  index  profile.  The  index  dif- 
ference A for  the  graded-index  fiber  is  given  by 

(2-79) 

2nf  n i 

The  approximation  on  the  right-hand  side  of  this  equation  reduces  the  expression 
for  A to  that  of  the  step-index  fiber  given  by  Eq.  (2-20).  Thus,  the  same  symbol  is 
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used  in  both  cases.  For  or  = oo.  Eq.  (2-78)  reduces  to  the  step-index  profile 
«(r)  = n,. 

Determining  the  NA  for  graded-index  fibers  is  more  complex  than  for  step- 
index  fibers,  since  it  is  a function  of  position  across  the  core  end  face.  This  is  in 
contrast  to  the  step-index  fiber,  where  the  NA  is  constant  across  the  core. 
Geometrical  optics  considerations  show  that  light  incident  on  the  fiber  core  at 
position  r will  propagate  as  a guided  mode  only  if  it  is  within  the  local  numerical 
aperture  NA(r)  at  that  point.  The  local  numerical  aperture  is  defined  us44 


NA(r)  = 


|n3(r)  - «3]’'3  - NA«VI  - (r/o)“ 
0 


for  r < a 

for  r > a 


(2-80a) 


where  the  axial  numerical  aperture  is  defined  as 

NA(0)  = (nJ(0)  - nfl,/3  = (n?  - ni)i/2  ~ «ia/2A  (2-80A) 

Thus,  the  NA  of  a grnded-indcx  fiber  decreases  from  NA(0)  to  zero  as  r moves 
from  the  fiber  axis  to  the  core-cladding  boundary.  A comparison  of  the  numerical 
apertures  for  fibers  having  various  a profiles  is  shown  in  Fig.  2-25.  The  number  of 
bound  modes  in  a graded-index  fiber  is4'-4* 

A (2-81) 

o-t-2  1 


FIGURE  2-25 

A companion  of  the  numerical  aperture*  for  fiber*  having  various  a profiles 
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2.7  FIBER  MATERIALS 

In  selecting  materials  Tor  optical  fibers,  a number  of  requirements  must  be  satis- 
fied For  example: 

1.  It  must  be  possible  to  make  long,  thin,  flexible  fibers  from  the  material. 

2.  The  material  must  be  transparent  at  a particular  optical  wavelength  in  order 
for  the  fiber  to  guide  light  efficiently. 

3.  Physically  compatible  materials  that  have  slightly  different  refractive  indices 
for  the  core  and  cladding  must  be  available. 

Materials  that  satisfy  these  requirements  are  glasses  and  plastics. 

The  majority  of  fibers  are  made  of  glass  consisting  of  either  silica  (SiOj)  or  a 
silicate.  The  variety  of  available  glass  fibers  ranges  from  high-loss  glass  fibers  with 
large  cores  used  for  short -transmission  distances  to  very  transparent  (low-loss) 
fibers  employed  in  long-haul  applications.  Plastic  fibers  are  less  widely  used 
because  of  their  substantially  higher  attenuation  than  glass  fibers.  The  mum  use 
of  plastic  fibers  is  in  short-distance  applications  (several  hundred  meters)  and  in 
abusive  environments,  where  the  greater  mechanical  strength  of  plastic  fibers 
offers  an  advantage  over  the  use  of  glass  fibers. 

2.7.1  Glass  Fibers 

Glass  is  made  by  fusing  mixtures  of  ntctal  oxides,  sulfides,  or  selenidcs/*9*54  The 
resulting  material  is  a randomly  connected  molecular  network  rather  than  a well- 
defined  ordered  structure  as  found  in  crystalline  materials.  A consequence  of  this 
random  order  is  that  glasses  do  not  have  well-defined  melting  points.  When  glass 
is  heated  up  from  room  temperature,  it  remains  a hard  solid  up  to  several  hundred 
degrees  centigrade.  As  the  temperature  increases  further,  the  glass  gradually 
begins  to  soften  until  at  very  high  temperatures  it  becomes  a viscious  liquid. 
The  expression  "melting  temperature"  is  commonly  used  in  gloss  manufacture. 
This  term  refers  only  to  an  extended  temperature  range  in  which  the  glass 
becomes  fluid  enough  to  free  itself  fairly  quickly  of  gas  bubbles. 

The  largest  category  of  optically  transparent  glasses  from  which  optical 
fibers  are  made  consists  of  the  oxide  glasses.  Of  these,  the  most  common  is  silica 
(SiOj),  which  has  a refractive  index  of  1.458  at  850  nm.  To  produce  two  similar 
materials  that  have  slightly  different  indices  of  refraction  for  the  core  and  clad- 
ding. cither  fluorine  or  various  oxides  (referred  to  as  dopants),  such  as  B;0,, 
GcO;,  or  P2O5,  arc  added  to  the  silica.  As  shown  in  Fig  2-26  the  addition  of 
GcO:  or  P.<0>  increases  the  refractive  index,  whereas  doping  the  silica  with  fluor- 
ine or  BjOj  decreases  it.  Since  the  cladding  must  have  a lower  index  than  the  core, 
examples  of  fiber  compositions  ate 

1.  CieO;  SiO;  core;  SiO;  cladding 

2.  P’Oj-SiO;  core;  SiO;  cladding 
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Uopanl  ikltlilian  (mol '( ) 


figi  rf.  2-26 

Variation  in  refractive  index  at  a 
function  of  doping  concentra- 
tion in  hIicb  glnn 


3.  SiO;  core;  B>Oj  S1O2  cladding 

4.  GeOj-BjOj-SiO;  core;  B:Oi  SiOj  cladding 


Here,  the  notation  GeO;  SiO?,  for  example,  denote*  a GcOi -doped  silica  glass. 

The  principal  raw  material  for  silica  is  sand  Glass  composed  of  pure  silica  is 
referred  to  as  cither  silica  glass,  fused  silica,  or  vitreous  silica.  Some  of  its  desirable 
properties  arc  a resistance  to  deformation  at  temperatures  as  high  as  IOOO°C.  a 
high  resistance  to  breakage  from  thermal  shock  because  of  its  low  thermal  expan- 
sion, good  chemical  durability,  and  high  transparency  in  both  the  visible  and 
infrared  regions  of  interest  to  fiber  optic  communication  systems.  Its  high  melting 
temperature  is  a disadvantage  if  the  glass  is  prepared  from  a molten  state 
However,  this  problem  is  partially  u voided  when  using  vapor  deposition 
techniques 

2.7.2  Halide  Gian  l iber* 

In  1975  researcher*  at  the  Umversilc  dc  Rennes”  discovered  fluoride  glasses  that 
have  extremely  low  transmission  losses  at  mid-infrared  wavelengths  (0.2-8  ^im. 
with  the  lowest  loss  being  around  2.55  /im).  Fluondc  glasses  belong  to  a general 
family  of  halide  glasses  in  which  the  anions  arc  from  elements  in  group  VII  of  the 
periodic  table,  namely  fluorine,  chlorine,  bromine,  and  iodine. 

The  material  that  researchers  have  concentrated  on  is  a heavy  metal  fluoride 
glass,  which  uses  ZrF«  as  the  major  component  and  glass  network  former.  Several 
other  constituents  need  to  be  added  to  make  a glass  that  has  moderate  resistance 
to  crystallization. ” ” Table  2-3  lists  the  constituents  and  their  molecular  percen- 
tages of  a particular  fluoride  glass  referred  to  as  ZBLAN  (after  its  elements  ZrF4, 
BaFj.  LaFj,  AIFj  and  NaF).  This  material  forms  the  core  of  a glass  fiber  To 
make  a lower-refractive-index  glass,  one  partially  replaces  ZrF4  by  HaF4  to  gel  a 
ZHBL.AN  cladding. 

Although  these  glasses  potentially  offer  intnnsic  minimum  losses  of  0.01 
0.001  dB/km.  fabricating  long  lengths  of  these  libers  is  difficult.  First,  ultrapurc 


TABU  Jr3 

Molecular  composition  of  a ZBLAN  fluoride  glass 
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materials  must  be  used  to  reach  this  low  loss  level.  Second,  fluoride  glass  is  prone 
to  devitrification.  Fiber-making  techniques  have  to  take  this  into  account  to  avoid 
the  formation  of  microcrystallites,  which  have  a drastic  effect  on  scattering  losses. 


2.7J  Active  Glass  Fibers 

Incorporating  rare-earth  elements  (atomic  numbers  57  71)  into  a normally  pas- 
sive glass  gives  the  resulting  material  new  optical  and  magnetic  properties.  These 
new  properties  allow  the  material  to  perform  amplification,  attenuation,  and 
phase  retardation  on  the  light  passing  through  it.5*"*0  Doping  can  be  carried 
out  for  both  silica  and  halide  glasses 

Two  commonly  used  materials  for  fiber  lasers  arc  erbium  and  neodymium 
The  ionic  concentrations  of  the  rare-earth  elements  arc  low  (on  the  order  of 
0.005-0.05  mole  percent)  to  avoid  clustering  effects  By  examining  the  absorption 
and  fluorescence  spectra  of  these  materials,  one  can  use  an  optical  source  which 
emits  at  an  absorption  wavelength  to  excite  electrons  to  higher  energy  levels  in  the 
rare-earth  dopants.  When  these  excited  electrons  drop  to  lower  energy  levels,  they 
emit  light  in  a narrow  optical  spectrum  at  the  fluorescence  wavelength  Chapter 
1 1 discusses  the  applications  of  erbium-doped  fibers  to  optical  amplifiers 


2.7.4  Chaigenide  Glass  Fibers 

In  addition  to  allowing  the  creation  of  optical  amplifiers,  the  nonlinear  properties 
of  glass  fibers  can  be  exploited  for  other  applications,  such  as  all-optical  switches 
and  fiber  lasers  Chaigenide  glass  is  one  candidate  for  these  uses  because  of  its 
high  optical  nonlinearity  and  its  long  interaction  length.41*2  These  glasses  contain 
at  least  one  chalcogen  element  (S.  Sc,  or  Tc)  and  typically  one  other  element  such 
as  P.  I.  Cl.  Br,  Cd,  Ba.  Si.  or  T1  for  tailoring  the  thermal,  mechanical,  and  optical 
properties  of  the  glass  Among  the  various  chaigenide  glasses.  As;S3  is  one  of  the 
most  well-known  materials.  Single-mode  fibers  have  been  made  using  As^SjcSc; 
and  AstS)  for  the  core  and  cladding  materials,  respectively.  Losses  in  these  glasses 
typically  range  around  I dB/m. 
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TABLE  2-4 

Sample  characteristics  of  PMM A and  PFP  polymer  optical  fibers 


ChanMeriHlc 

PMMA  1*01' 

PKP  POL 

Core  diameter 

0.4  mm 

0 123-0  .10  mm 

Cladding  diameter 

1.0  mm 

0.25-0  60  mm 

Numerical  aperture 

0.23 

0.20 

Attenuation 

150  dB/km  til  650  nm 

60-80  dB'km  al  650-1300  inn 

Bandwidth 

2.5  Ob/i  over  I0U  m 

2.5  Gb/s  over  300  m 

2.7.5  Plastic  Optical  Fibers 

The  growing  demand  for  delivering  high-speed  services  directly  to  the  workstation 
has  led  fiber  developers  to  create  high-bandwidth  graded-mdex  polymer  (plastic) 
optical  fibers  (POP)  for  use  in  a customer  premises. h,‘d5  The  core  of  these  fibers  is 
either  polymethylmethacrylate  or  a perfluorinated  polymer  These  fibers  arc 
hence  referred  to  as  PMMA  POF  and  PFP  POP.  respectively.  Although  they 
exhibit  considerably  greater  optical  signal  attenuations  than  glass  fibers,  they 
arc  tough  and  durable.  For  example,  since  the  modulus  of  these  polymers  is  nearly 
two  orders  of  magnitude  lower  than  that  of  silica,  even  a l-mm-diametcr  graded  - 
indcx  POF  is  sufficiently  flexible  to  be  installed  in  conventional  fiber  cable  routes. 
Compared  with  silica  fibers,  the  core  diameters  of  plastic  fibers  are  10  20  times 
larger,  which  allows  a relaxation  of  connector  tolerances  without  sacrificing  opti- 
cal coupling  efficiencies.  Thus,  inexpensive  plastic  injection-molding  technologies 
can  be  used  to  fabricate  connectors,  splices,  and  transceivers. 

Table  2-4  gives  sample  characteristics  of  PMMA  and  PFP  polymer  optical 
fibers. 


2.8  FIBER  FABRICATION 

Two  basic  techniques®6*6*  are  used  in  the  fabrication  of  ull-glass  optical  wave- 
guides. These  are  the  vapor-phase  oxidation  process  and  the  direct-melt  methods. 
The  direct-melt  method  follows  traditional  glass-making  procedures  in  that  opti- 
cal fibers  are  made  directly  from  the  molten  state  of  purified  components  of 
silicate  glasses.  In  the  vapor-phase  oxidation  process,  highly  pure  vapors  of 
metal  halides  (c.g.,  SiCl4  and  GeCli)  react  with  oxygen  to  form  a white  powder 
of  SiO;  particles  The  particles  arc  then  collected  on  the  surface  of  a bulk  glass  by 
one  of  four  different  commonly  used  processes  and  are  sintered  (transformed  to  a 
homogeneous  glass  mass  by  heating  without  melting)  by  one  of  a variety  of 
techniques  to  form  a clear  glass  rod  or  tube  (depending  on  the  process)  This 
rod  or  tube  is  called  a preform.  It  is  typically  around  10-25  mm  in  diameter  and 
60  120  cm  long.  Fibers  are  made  from  the  preform6*'72  by  using  the  equipment 
shown  in  Fig  2-27.  The  preform  is  precision-fed  into  a circular  heater  called  the 
drawing  furnace.  Here,  the  preform  end  is  softened  to  the  point  where  it  can  be 
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FIGURE  2-27 

Schematic  of  a fiber-drawing 
appanitui 


drawn  into  u very  thin  filament,  which  becomes  the  optical  fiber.  The  turning 
speed  of  the  ukcup  drum  at  the  bottom  of  the  draw  tower  determines  how  fast  the 
fiber  is  drawn  This,  in  turn,  will  determine  the  thickness  of  the  fiber,  so  that  a 
precise  rotation  rate  must  be  maintained.  An  optical  fiber  thickness  monitor  is 
used  in  a feedback  loop  for  this  speed  regulation.  To  protect  the  bare  glass  fiber 
from  external  contaminants,  such  as  dust  and  water  vapor,  an  elastic  coating  is 
applied  to  the  fiber  immediately  after  it  is  drawn. 

2.8.1  Outside  Vapor-Pha.sc  Oxidation 

The  first  fiber  to  have  a loss  of  less  than  20  dB/km  was  made  at  the  Coming  Glass 
Works71'75  by  the  outside  vapor-phase  oxidation  (OVPO)  process.  This  method  is 
illustrated  in  Fig.  2-28.  First,  a layer  of  SiO;  particles  called  a soot  is  deposited 
from  a burner  onto  a rotating  graphite  or  ceramic  mandrel.  The  glass  soot  adheres 
to  this  bait  rod  and.  layer  by  layer,  a cylindrical,  porous  glass  preform  is  built  up. 
By  properly  controlling  the  constituents  of  the  metal  halide  vapor  stream  during 
the  deposition  process,  the  glass  compositions  and  dimensions  desired  for  the  core 
and  cladding  can  be  incorporated  into  the  preform  Father  step-  or  graded-index 
preforms  can  thus  be  made. 

When  the  deposition  process  is  completed,  the  mandrel  is  removed  and  the 
porous  tube  is  then  vitrified  in  a dry  atmosphere  at  a high  temperature  (above 
1400  ) to  a clear  glass  preform.  This  clear  preform  is  subsequently  mounted  in  a 
fiber-drawing  tower  and  made  into  a fiber,  as  shown  in  Fig.  2-27  The  central  hole 
in  the  tube  preform  collapses  during  this  drawing  process. 
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Con  ' ' Oaldinu 

(A)  Soot  preform 
cnmiectioa 


Ul  Soot  dopoutlnn 


In  Preform  untcmtf 


FIGURE  2-2S 

Buuc  Kept  in  preparing  ■ preform  by  the  OVPO  proems.  (a)  Bait  rod  rotatei  and  mover  hack  and  forth 
under  the  burner  to  produce  a uniform  deposition  of  glass  tool  panicles  along  the  rod.  (A)  profiles  cun 
be  step  or  graded  inde*.  (rl  following  deposition,  the  toot  preform  ■■  sintered  into  a clear  glass  preform. 
<d)  fiber  is  drawn  from  the  glass  preform  (Reproduced  with  permission  from  Schultz**) 


2.8.2  Vapor-Phase  Axial  Deposition 

The  OVPO  process  described  in  Sec.  2.8.1  is  a lateral  deposition  method.  Another 
OVPO-type  process  is  the  vapor-phase  axial  deposition  (VAD)  method,7* 77  illus- 
trated in  Fig  2-29.  In  this  method,  the  SiO<  particles  are  formed  in  the  same  way 
as  described  in  the  OVPO  process.  As  these  particles  emerge  from  the  torches, 
they  arc  deposited  onto  the  end  surface  of  a silica  glass  rod  which  acts  as  a seed.  A 
porous  preform  is  grown  in  the  axial  direction  by  moving  the  rod  upward.  The 
rod  is  also  continuously  rotated  to  maintain  cylindrical  symmetry  of  the  particle 
deposition  As  the  porous  preform  moves  upward,  it  is  transformed  into  a solid, 
transparent  rod  preform  by  zone  melting  (heating  in  a narrow  localized  zone)  with 
the  carbon  ring  heater  shown  in  Fig.  2-29.  The  resultant  preform  can  then  be 
drawn  into  a fiber  by  heating  it  in  another  furnace,  as  shown  in  Fig  2-27. 

Both  step-  and  graded-index  fibers  in  either  multimode  or  single-mode  var- 
ieties can  be  made  by  the  VAD  method.  The  advantages  of  the  VAD  method  art 
(1)  the  preform  has  no  central  hole  as  occurs  with  the  OVPO  process,  (2)  the 
preform  can  be  fabricated  in  continuous  lengths  which  can  affect  process  costs 
and  product  yields,  and  (3)  the  fact  that  the  deposition  chamber  and  the  zonc- 
melling  ring  heater  are  tightly  connected  to  each  other  in  the  same  enclosure 
ullows  the  achievement  of  a clean  environment. 
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FIGURE  2-29 

Apparatus  for  the  VAD  (vapor- 
pha«  axial  dcpoaitioti)  proccn 
( Reproduced  with  pcrnuiuon  from 
laws  and  Inagaki*  C l«80, 
IEEE  ) 


2.8.3  Modified  Chemical  Vapor  Deposition 

The  modified  chemical  vapor  deposition  (MCVD)  process  shown  in  Fig.  2-30  was 
pioneered  at  Bell  Laboratories,"  ?*  and  widely  adopted  elsewhere  to  produce  very 
low -loss  graded -index  fibers.  The  glass  vapor  particles,  arising  from  the  reaction 
of  the  constituent  metal  halide  gases  and  oxygen,  flow  through  (he  inside  of  a 
revolving  silica  tube.  As  the  SiO?  particles  arc  deposited,  they  are  sintered  to  a 
dear  glass  layer  by  an  oxyhydrogen  torch  which  travels  back  and  forth  along  the 
tube.  When  the  desired  thickness  of  glass  has  been  deposited,  the  vapor  flow  is 
shut  off  and  the  tube  is  heated  strongly  to  cause  it  to  collapse  into  a solid  rod 
preform  The  fiber  that  is  subsequently  druwn  from  this  preform  rod  will  have  a 
core  that  consists  of  the  vapor-deposited  material  and  a cladding  that  consists  of 
the  original  silica  tube. 


L8.4  Plasma-Activated  Chemical  Vapor  Deposition 

Scientists  at  Philips  Research  invented  the  plasma-activated  chemical  vapor  dcposi- 
turn  (PCVD)  process  As  shown  in  Fig  2-31.  the  PCVD  method  is  similar  to 
the  MCVD  process  in  that  deposition  occurs  within  a silica  tube.  However,  a 
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FIGURE  200 

Schematic  ol  MCVD  (modified  chemical  vapor  deposition)  process  (Reproduced  with  pcrmmion 
from  Schultz..**) 


Moving  microwave  ir»o tutor 


FIGURE  201 

Schematic  of  POVD  (plasma-activated  chemical  vapor  deposition  > process 
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oonisolhcrmal  microwave  plasma  operating  at  low  pressure  initiates  the  chemical 
reaction.  With  the  silica  tube  held  at  temperatures  in  the  range  of  1000-1200°C  to 
reduce  mechanical  stresses  in  the  growing  glass  films,  a moving  microwave  reso- 
nator operating  at  2.45  GHz  generates  a plasma  inside  the  tube  to  activate  the 
chemical  reaction.  This  process  deposits  clear  glass  material  directly  on  the  tube 
wall,  there  is  no  soot  formation.  Thus,  no  sintering  is  required.  When  one  has 
deposited  the  desired  glass  thickness,  the  tube  is  collapsed  into  a preform  just  as  in 
the  MCVD  case 

2.8.5  Double-Crucible  Method 

Silica,  chalgenide.  and  halide  glass  fibers  can  all  be  made  using  a direct-melt 
double -crucible  technique  *S7  In  this  method,  glass  rods  for  the  core  and  cladding 
materials  arc  first  made  separately  by  melting  mixtures  of  purified  powders,  to 
make  the  appropriate  glass  composition  These  rods  are  then  used  as  feedstock  for 
each  of  two  concentric  crucibles,  as  shown  in  Fig.  2-32.  The  inner  crucible  con- 
tains molten  core  glass  and  the  outer  one  contains  the  cladding  glass.  The  fibers 
are  drawn  from  the  molten  slate  through  orifices  in  the  bottom  of  the  two  con- 
centric crucibles  in  a continuous  production  process. 

Although  this  method  has  the  advantage  of  being  a continuous  process, 
careful  attention  must  be  paid  to  avoid  contaminants  during  the  melting.  The 
mam  sources  of  contamination  arise  from  the  fumucc  environment  and  from  the 
crucible.  Silica  crucibles  arc  normally  used  in  preparing  the  gluss  Iced  rods, 
whereas  the  double  concentric  crucibles  used  in  the  drawing  furnace  arc  made 
from  platinum  A detailed  description  or  the  crucible  design  and  an  analysis  of  the 
fiber-drawing  process  is  given  by  Midwinter.' 


Drawn  fiber 
(In  taXcup  drum) 


FIGURE  2-32 

t)ou  Me -crucible  arrangement  for 
drawing  fiber*  from  molten  glasa 
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2.9  MECHANICAL  PROPERTIES 
OF  FIBERS 

In  addition  to  the  transmission  properties  of  optical  waveguides,  their  mechanical 
characteristics  play  a very  important  role  when  they  arc  used  as  the  transmission 
medium  in  optical  communication  systems.*2'*'  Fibers  must  be  able  to  withstand 
the  stresses  and  strains  that  occur  during  the  cabling  process  and  the  loads 
induced  during  the  installation  and  service  of  the  cable.  During  cable  manufacture 
and  installation,  the  loads  applied  to  the  fiber  can  be  either  impulsive  or  gradually 
varying.  Once  the  cable  is  in  place,  the  service  loads  are  usually  slowly  varying 
loads,  which  can  arise  from  temperature  variations  or  a general  settling  of  the 
cable  following  installation 

Strength  and  static  fatixur  arc  the  two  basic  mechanical  characteristics  of 
glass  optical  fibers.  Since  the  sight  and  sound  of  shattering  glass  are  quite  familiar, 
one  intuitively  suspects  that  glass  is  not  a very  strong  material  However,  the 
longitudinal  breaking  stress  of  pristine  glass  fibers  is  comparable  to  that  of 
metal  wires,  The  cohesive  bond  strength  of  the  constituent  atoms  of  a glass 
fiber  governs  its  theoretical  intrinsic  strength.  Maximum  tensile  strengths  of  14 
CiPa  (2  x 10® lb/in.')  have  been  observed  in  short -gauge-length  glass  fibers  This 
is  close  to  the  20-GPu  tensile  strength  of  steel  wire.  The  difference  between  glass 
and  metal  is  that,  under  an  applied  stress,  glass  will  extend  elastically  up  to  its 
breaking  strength,  whereas  metals  can  be  stretched  plastically  well  beyond  their 
true  clastic  range  Copper  wires,  for  example,  can  he  elongated  plnstically  by  more 
than  20  percent  before  they  fracture.  For  glass  fibers,  elongations  of  only  about  I 
percent  arc  possible  before  fracture  occurs. 

In  practice,  the  existence  of  stress  concentrations  at  surface  flaws  or  micro- 
cracks  limits  the  median  strength  of  long  glass  fibers  to  the  700-to-3500-MI*a 
(1-5  x 10'  lb/in.2)  range  The  fracture  strength  of  a given  length  of  gluss  filler  is 
determined  by  the  sire  and  geometry  of  the  severest  flaw  (the  one  that  produces  the 
largest  stress  concentration)  in  the  filler  A hypothetical,  physical  flaw  model  is 
shown  in  Fig.  2-33.  This  clliptically  shaped  crack  is  generally  referred  to  as  a 
Griffith  microcrack .“  It  has  a width  >*•.  a depth  x,  and  a tip  radius  p.  The  strength 
of  the  crack  for  silica  fibers  follows  the  relation 


K = YX'r‘o 


(2-82) 


Cock  lip  radiw  p 


Applied  (Inin  a 


none  i-33 

A hypothetical  model  of  a micro- 
crack  in  an  optical  fiber 
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where  the  .stress  intensity  factor  K is  given  in  terms  of  the  stress  n in  megapascals 
applied  to  the  fiber,  the  crack  depth  x m millimeters,  and  a dimensionless  constant 
1 that  depends  on  flaw  geometry.  For  surface  flaws,  which  arc  the  most  critical  in 
glass  fibers.  Y = „/n.  From  this  equation  the  maximum  crack  size  allowable  for  a 
given  applied  stress  level  can  be  calculated.  The  maximum  values  of  K depend 
upon  the  glass  composition  but  tend  to  be  in  the  range  0.6  0.9  MN/m?/:. 

Since  an  optical  fiber  generally  contains  many  flaws  that  have  a random 
dutnbution  of  size,  the  fracture  strength  of  a fiber  must  be  viewed  statistically  If 
F(<t,  L.)  is  defined  as  the  cumulative  probability  that  a fiber  of  length  L will  fail 
below  a stress  level  <r.  then,  under  the  assumption  that  the  flaws  arc  independent 
and  randomly  distributed  in  the  fiber  and  that  the  fracture  will  occur  nt  the  most 
icverc  flaw,  we  have 

F(a,  L)—\-  e~LN{0)  (2-83) 

where  ,V(fT)  is  (he  cumulative  number  of  Haws  per  unit  length  with  a strength  less 
than  a.  A widely  used  form  for  N(o)  is  the  empirical  expression  proposed  by 
Weibull,117 

/V(rr)  = -!- (-)  (2-84) 

U \on/ 

where  m.  oi>.  and  U i are  constants  related  to  the  initial  inert  strength  distribution 
This  leads  to  the  so-called  Weibull  expression 

-„p[-(|)-£]  (M9 

A plot  of  Weibull  expression  is  shown  in  Fig.  2-34  for  measurements  per- 
formed on  long-fiber  samples.*' M These  data  were  obtained  by  testing  to  destruc- 
tion a large  number  of  fiber  samples  The  fact  that  a single  curve  can  be  drawn 
through  the  data  indicates  that  the  failures  arise  from  a single  type  of  flaw.  Earlier 
works*''  showed  a double-curve  Weibull  distribution  with  different  slopes  for 
tbori  and  long  fibers  This  is  indicative  of  flaws  arising  from  two  sources:  one 
from  the  fiber  manufacturing  process  and  the  other  from  fundamental  flaws 
occurring  in  the  glass  preform  and  the  fiber  By  careful  environmental  control 
of  the  liber-drawing  furnace,  numerous  1-km  lengths  of  silica  fiber  with  a single 
failure  distribution  and  a maximum  strength  of  3500  MPa  have  been  fabricated 

In  contrast  to  strength,  which  relates  to  instantaneous  failure  under  an 
applied  load,  static  fatigue  relates  to  the  slow  growth  of  pre-existing  flaws  in 
the  glass  fiber  under  humid  conditions  and  tensile  stress  u *'  This  gradual  flaw 
growth  causes  the  fiber  to  fail  at  a lower  stress  level  than  that  which  could  be 
reached  under  a strength  test.  A flaw  such  as  the  one  shown  in  Fig.  2-33  propa- 
gates through  the  fiber  bccuusc  of  chemical  erosion  of  the  fiber  material  at  the 
flaw  tip  The  primary  cause  of  this  erosion  is  the  presence  of  water  in  the  en- 
vironment, which  reduces  the  strength  of  the  SiO:  bonds  in  the  glass.  The  speed  of 
the  growth  reaction  is  increased  when  the  fiber  is  put  under  stress  Certain  fiber 
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FIGURE  2-.X4 

A Weibull-lypc  plat  thowmg  the  cumulative  probability  that  fiber*  of  20- m and  I Am  length*  will 
Iracturc  at  the  mJicalctl  applied  wren  (Reproduced  with  permiuron  from  Miller.  Hart.  Vroom.  ami 
Bowden  **) 


materials  arc  more  resistant  to  static  fatigue  than  others,  with  fused  silica  being 
the  most  resistant  of  the  glasses  in  water  In  general,  coatings  that  arc  applied  to 
the  fiber  immediately  during  the  manufacturing  process  afford  a good  degree  of 
protection  against  environmental  corrosion.*1 

Another  important  factor  to  consider  is  dynamic  fatigue  When  un  optical 
cubic  is  being  installed  in  a duct,  it  experiences  repented  stress  owing  to  surging 
effects.  The  surging  is  caused  by  varying  degrees  of  friction  between  the  optical 
cable  and  I he  duct  or  guiding  tool  in  a manhole  on  a curved  route.  Varying 
stresses  also  arise  in  aerial  cables  that  arc  set  into  transverse  vibration  by  the 
wind  Theoretical  and  experimental  investigations41  have  shown  that  the  time 
to  failure  under  these  conditions  is  related  to  the  maximum  allowable  stress  by  the 
same  lifetime  parameters  that  arc  found  from  the  eases  of  static  stress  and  stress 
that  increases  at  a constant  rate. 

A high  assurance  of  fiber  reliability  can  be  provided  by  proof  testing.''  95** 
In  this  method,  an  optical  fiber  is  subjected  to  a tensile  load  greater  than  that 
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expected  at  any  time  during  the  cable  manufacturing,  installation,  and  service. 
Any  fibers  which  do  not  pass  the  proof  test  are  rejected.  Empirical  studies  of  slow 
crack  growth  show  that  the  growth  rate  dx/dt  is  approximately  proportional  to  a 
power  of  the  stress  intensity  factor;  that  is, 

^ = AKb  (2-86) 


Here.  A and  b are  material  constants  and  the  stress  intensity  factor  is  given  by  Eq. 
(2-82)  For  most  glasses,  h ranges  between  15  and  50. 

If  a proof  test  stress  af  is  applied  for  a time  tf,  then  from  Eq.  (2-86)  we  have 


where  a,  is  the  initial  inert  strength  and 


(2-87) 


(2-88) 


When  this  fiber  is  subjected  to  a static  stress  a,  after  proof  testing,  the  time  to 
failure  f,  is  found  from  Eq.  (2-86)  to  be 

= e rf/,  (2-89) 

Combining  Eqs.  (2-87)  and  (2-89)  yields 

««f*J  - of‘J)  « o*f,  + of/,  (2-90) 

To  find  the  failure  probability  F,  of  a fiber  after  a tunc  /,  after  proof  testing, 
we  first  define  N(t.o)  to  be  the  number  of  flaws  per  unit  length  which  when  fail  in 
a lime  f under  an  applied  stress  a.  Assuming  that  N(ot)  » N(a,),  then 

(2-91) 


Soiling  Eq.  (2-90)  for  a,  and  substituting  into  Eq.  (2-84),  we  have,  from  Eq. 
(2-91). 


N(t„  a,) 


Lo 


. . . -ii/tfr-a) 

(off,  + off,)/!?  4-  erf-* 

oo 


(2-92) 


The  failure  number  N(tp,  ar)  per  unit  length  during  proof  testing  is  found 
from  Eq.  (2-92)  by  setting  a,  = or  and  letting  f,  = 0,  so  that 


W,.a,)-U 


Oo 


(2-93) 


Letting  Nil,,  a,)  = N,.  the  failure  probability  F,  for  a fiber  after  it  has  been 
proof  tested  is  given  by 


F,  = I 


(2-941 
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Substituting  Eqs.  (2-92)  and  (2-93)  into  Eq.  (2-94).  wc  hove 

F. 

where  C = B/{(rptp),  and  where  wc  have  ignored  the  term 


(2-95) 


(2-96) 


This  holds  because  typical  values  of  the  parameters  in  this  term  are  a,/af  zz 
0. 3-0.4.  /,,  ~ 10  * . /.  > 15.  ap  = 350  MN/m2.  and  B ~ 0.05-0.5  |MN/mJ)J  • 8. 

The  expression  for  F,  given  by  Eq.  (2-95)  is  valid  only  when  the  proof  stress 
is  unloaded  immediately,  which  is  not  the  ease  in  actual  proof  testing  of  optical 
fibers.  When  the  proof  stress  is  released  within  a finite  duration,  the  C value 
should  be  rewritten  as 


<3-*> 

where  y is  u coefficient  of  slow-crack-growth  effect  arising  during  the  unloading 
period. 


2.10  FIBER  OPTIC  C ABLES 

In  any  practical  application  of  optical  waveguide  technology,  the  libers  need  to  be 
incorporated  in  some  type  of  cable  structurc.v|MI*  The  cable  structure  will  vary 
greatly,  depending  on  whether  the  cable  is  to  be  pulled  into  underground  or 
intrubuilding  ducts,  buried  directly  in  the  ground,  installed  on  outdoor  poles, 
or  submerged  under  water.  Different  cable  designs  are  required  for  each  type  of 
application,  but  certain  fundamental  cable  design  principles  wall  apply  in  every 
ease.  The  objectives  of  cable  manufacturers  have  been  that  the  optical  fiber  cables 
should  be  installable  with  the  same  equipment,  installation  techniques,  and  pre- 
cautions as  those  used  for  conventional  wire  cables.  This  requires  special  cable 
designs  because  of  the  mechanical  properties  of  glass  fibers. 

One  important  mechanical  property  is  the  maximum  allowable  axial  load  on 
the  cable,  since  this  factor  determines  the  length  of  cubic  that  can  be  reliably 
installed.  In  copper  cables  the  wires  themselves  arc  generally  the  principal  load- 
bearing  members  of  the  cable,  and  elongations  of  more  than  20  percent  arc 
possible  without  fracture.  On  the  other  hand,  extremely  strong  optical  fibers 
tend  to  break  at  4-pcrccnt  elongation,  whereas  typical  good-quality  fibers  exhibit 
long-length  breaking  elongations  of  about  0.5- 1.0  percent.  Since  static  fatigue 
occurs  very  quickly  at  stress  levels  above  40  percent  of  the  permissible  elongation 
and  very  slowly  below  20  percent,  fiber  elongations  dunng  cable  manufacture  and 
installation  should  be  limited  to  0.1  0.2  percent. 
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Steel  wire  which  has  a Young's  modulus  of  2 x 104  MPa  has  been  exten- 
sively used  for  reinforcing  conventional  electric  cables  and  can  also  be  employed 
for  optical  fiber  cables.  For  some  applications  it  is  desirable  to  use  nonmctallic 
constructions,  cither  to  uvoid  the  cfTecls  of  electromagnetic  induction  or  to  reduce 
cable  weight.  In  this  case,  plastic  strength  members  and  high-tcnsilc-strength 
organic  yams  such  os  Kevlar*  (a  product  of  the  DuPont  Chemical 
Corporation)  are  used  With  good  fabrication  practices,  the  optical  fibers  arc 
isolated  from  other  cable  components,  they  arc  kept  close  to  the  neutral  axis  of 
the  cable,  and  room  is  provided  for  the  fibers  to  move  when  the  cable  is  flexed  or 
stretched. 

Another  factor  to  consider  is  fiber  hnttleness.  Since  glass  fibers  do  not 
deform  plastically,  they  have  a low  tolerance  for  absorbing  energy  from  impact 
loads.  Hence,  the  outer  sheath  of  an  optical  cable  must  be  designed  to  protect  the 
glass  fibers  inside  from  impact  forces.  In  addition,  the  outer  sheath  should  not 
crush  when  subjected  to  side  forces,  and  it  should  provide  protection  from  corro- 
sive environmental  elements.  In  underground  installations,  a hcavy-gaugc-mctal 
outer  sleeve  may  also  be  required  to  protect  against  potential  damage  from  bur- 
rowing rodents,  such  as  gophers. 

In  designing  optical  fiber  cables,  several  types  of  fiber  arrangements  arc 
possible  and  a large  variety  of  components  could  be  included  in  the  construction. 
The  simplest  designs  arc  one-  or  two-liber  cables  intended  for  indoor  use.  In  the 
hypothetical  two-fiber  design  shown  in  Fig.  2-35.  a fiber  is  first  coated  with  a 
bufier  material  and  placed  loosely  in  a tough,  oriented  polymer  tube,  such  as 
polyethylene.  For  strength  purposes  this  tube  is  surrounded  by  strands  of  uramid 
yam  and,  in  turn,  is  encapsulated  in  u polyurethane  jacket  A finul  outer  jacket  of 
polyurethane,  polyethylene,  or  nylon  binds  the  two  encapsulated  fiber  units 
together 

Larger  cables  can  be  created  by  stranding  several  basic  fiber  building  blocks 
(as  shown  in  Fig  2-35)  around  a central  strength  member  This  is  illustrated  in 
Fig  2-36  for  a six-fiber  cable.  The  fiber  units  are  bound  onto  the  strength  member 
with  paper  or  plastic  binding  tape,  and  then  surrounded  by  an  outer  jacket.  If 


name  ms 

A hypothetical  two-fiber  cable  design  The  basic  building  block  on  the  left  n identical  to  that  shown  for 
the  nghl-band  fiber 
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Quint  thutli 
Vim  iticnith  member 
DuMereJ  itrcrgih  mtrrnbor 
lkipcT,'pl«tu.'  hiiulmi  tape 
Bjml  fiber  builiimi  block 
ImuUtad  copper  conductor* 
Polyumh»ne/PVC  i«kct 


FIGURE  2-36 

A typical  nx-fiher  cable  treated  by  »ir»  ruling  *1*  baste  fiber-building  block*  around  a central  *lrcn|th 
mem  her 


repeaters  are  required  along  the  route  where  the  cable  is  to  be  mstulled.  it  may 
be  advantageous  to  include  wires  within  the  cable  structure  for  powering  these 
repealers.  The  wires  can  also  be  used  for  fault  isolation  or  as  an  engineering  order 
wire  for  voice  communications  during  cable  installations. 

PROBLEMS 

2-1.  Consider  .in  electric  field  by  the  expression 

F.  =*  [tOOe/W*,  + 20e~/We,  +40r'3lV.]r'*'' 

hxpress  this  as  a measurable  electric  field  as  described  by  Eq.  (2-2)  at  a frequency  of 
100  MHz. 

2-2.  A wave  is  specified  by  i = KeosiftZf  - O.Ke),  where  y is  exprevsed  in  micrometer* 
and  the  propagation  constant  is  given  in  pm  '.  Find  (a)  liic  amplitude,  (A)  the 
wavelength,  (c)  the  angular  frequency,  and  («/)  the  displacement  at  time  t = 0 and 
: = 4(tm 

2-3.  What  arc  the  energies  in  electron  volts  (cV)  of  light  at  wavelengths  of  820  nm. 
I320nm,  and  1550  nm?  What  are  the  values  of  the  propagation  constant  k at  these 
wavelengths? 

2-4.  Consider  two  plane  waves  .V|  and  .V;  traveling  in  ihe  same  direction.  If  they  have 
the  same  frequency  w but  different  amplitudes  <?,  and  phases  3*.  then  we  can  repre- 
sent diem  by 

X\  — a\  costm/  — 3| ) 

Jfj  = rij  cost  up  — 3j ) 

According  to  the  principle  of  superposition,  the  resultant  wave  -V  is  simply  the  sum 
of  .Vi  and  Xj.  Show  that  .V  can  be  written  in  the  form 


V = A cos tui;  - 
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where 


and 


A:  = af  + aj  + 2aia;  co*(<J|  - ij) 


a,  sinAi  + rti  sin  A; 

tan  9 — : — 

a i cosJi  4-  tfjcosAj 

2-5.  Elliplically  polarized  light  can  be  represented  by  the  two  orthogonal  waves  given  in 
Eqs  (2-2)  and  (2-3).  Show  that  elimination  of  the  (tut  - kz)  dependence  between 
them  yield* 


cos3  = sm: 


S 


which  is  the  equation  of  an  ellipse  making  an  angle  a with  the  x axis,  where  or  is 
given  by  Eq.  (2-8) 

2-6.  Let  Eo%  - £o,  = I in  Eq.  (2-7).  Using  a computer  or  a graphical  calculator,  write  a 
program  to  plot  this  equation  for  value*  of  6 =■  (mr|/8.  where  n=0,  1.2. . .16 
What  does  this  show  about  the  state  of  polarization  as  the  angle  i changes? 

2-7.  Show  that  any  linearly  polanzed  wave  may  be  considered  as  the  superposition  of 
left  and  nght  circularly  polarized  waves  which  arc  in  phase  and  have  equal  ampli- 
tude* and  frequencies. 

2-8.  Light  traveling  in  air  strikes  a glass  plate  at  an  angle  = 33®,  where  H\  is  measured 
between  the  incoming  ray  and  the  glass  surface.  Upon  sinking  the  glass,  part  of  the 
beam  is  reflected  and  part  is  refracted  If  the  refracted  and  reflected  beams  make  an 
angle  of  90”  with  each  other,  what  is  the  refractive  index  of  the  glass?  What  is  the 
critical  angle  for  this  glass? 

2-9.  A point  source  of  light  is  12  cm  below  the  surface  of  a large  body  of  water  (n  = 1.33 
for  water).  What  is  the  radius  of  the  largest  circle  on  the  water  surface  through 
which  the  light  can  emerge? 

2-10.  A 45'  45  -90  prism  is  immersed  in  alcohol  (n  = 1.45)  What  is  the  minimum 
refractive  index  the  prism  must  have  if  u ray  incident  normally  on  one  of  the 
short  faces  is  to  be  totally  reflected  at  the  long  face  of  the  prism? 

2-11.  Calculate  the  numerical  aperture  of  a step-index  fiber  having  »|  = 1.48  and 
= 1.46.  Whut  is  the  maximum  entrance  angle  for  this  fiber  if  the  outer 
medium  is  air  with  n - LOO? 

2-12.  Consider  a diclcctnc  slab  having  a thickness  J — 10  mm  and  index  of  refraction 
m = I 50  Let  the  medium  above  and  below  the  slab  be  air.  in  which  nj  = I Let  the 
wavelength  be  X = 10  mm  (equal  to  the  thickness  of  the  waveguide) 

(a)  What  is  the  critical  angle  for  the  slab  waveguide? 

(A)  Solve  Eq.  (2-266)  graphically  to  show  that  there  are  three  angles  of  inculence 
which  satisfy  this  equation 

(c)  Whal  happens  to  the  number  of  angles  as  the  wavelength  is  decreased? 

2-13.  Derive  the  approximation  of  the  nght-hund  side  of  Eq.  (2-23)  for  A < I What  is 
the  difference  in  the  approximate  and  exact  expressions  for  the  value  of  NA  if 
I 49  and  />;  - 1.48? 

2-14.  Using  the  expressions  in  Eqs.  (2-33)  and  (2-34)  derived  from  Maxwell's  curl 
equations,  derive  the  radial  and  transverse  clcctnc  und  magnetic  field  components 
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given  in  Eqs.  (2-35u)  to  (2-35*/).  Show  that  these  expressions  lead  to  Eqs.  (2-36)  and 
(2-37). 

2-15.  Show  that  for  v = 0.  Hq  (2-55 />)  corresponds  to  TE«„  modes  (E;  = 0)  and  that  Eq 
(2-56 h)  corresponds  to  TM<mi  modes  ( H , = 0). 

2-16.  Verify  that  Arj  k:,^  fl:  when  A < I.  where  k\  and  Aj  are  the  core  and  cladding 
propagation  constants,  respectively,  as  defined  in  Eq  (2-46), 

2-17.  Replot  Fig  2-16  for  Jt>(  xr)  and  /i(  t)  On  the  resulting  graph,  indicate  the  range  of 
values  of  a for  the  lower-order  LP|„  modes  and  the  exact  lower-order  HE|«.  TB,m, 
and  TMun,  modes 

2-18.  A step-index  multimode  Tiber  with  a numerical  aperture  of  0 20  supports  npprotu- 
muicly  1000  modes  at  an  850-nm  wavelength 

(а)  What  is  the  diameter  of  its  core? 

(б)  How  many  modes  docs  the  fibeT  support  at  1320  nni’ 

(r)  How  any  modes  does  the  fiber  support  at  1550  nni? 

2-19.  (a)  Determine  the  normalized  frequency  at  820  nm  for  a step-index  fiber  having  j 
25-irni  core  radius.  «|  = 1.48.  and  n2  = 1.46. 

(6)  How  many  modes  propagate  in  this  fiber  at  820  nm? 

(<•)  How  many  modes  propagate  in  this  fiber  at  1 320  nm? 

(</)  How  many  modes  propagate  in  this  fiber  at  1550  nm? 

(e)  What  percent  of  the  optical  power  flows  in  the  cladding  in  each  case? 

2-20.  Consider  a fiber  with  a 25-/im  core  radius,  a core  index  n\  = 1 48.  and  A = 0,01 
(u)  If  A = 1320  nm.  what  is  the  value  of  V and  how  many  modes  propagate  in  tlx 
fiber'.' 

(A)  What  percent  of  the  optical  power  flow*  in  the  cladding? 

(r)  If  the  core  cladding  difference  is  reduced  to  A = 0 003.  how  many  modes  does 
the  fiber  support  and  what  fraction  of  the  optical  power  flows  in  the  cladding? 
2-21 . Find  the  core  radius  necessary  for  single-mode  operation  at  1 320  nm  of  a step-index 
fiber  with  m = I 480  and  = I 478  What  are  the  numerical  aperture  und  max- 
imum acceptance  angle  of  this  Tibet'1 

2-22.  A manufacturer  wishes  to  make  a silica-core,  step-index  fiber  with  V - 75  and  t 
numerical  aperture  NA  = 0.30  to  be  used  at  820  nm  If  nt  = 1.458.  what  lhould  the 
core  size  and  cladding  index  be? 

2-23.  Draw  a design  curse  of  the  fractional  refractive-index  difference  A versus  the  core 
radius  a for  n silica-core  («i  = 1 458).  single-mode  fiber  to  operate  at  1300  nm 
Suppose  the  fiber  we  select  from  this  curve  hus  a 5-/im  core  radius  Is  this  fiber  still 
single-mode  at  820  nm?  Which  modes  exist  in  the  fiber  at  820  nm? 

2-24.  Using  the  following  approximation  for  tV„  given  by  Marcuse,1* 

Wa  = «(0.65  + l.6l9K-,/3  + 2.879K-*) 

evaluate  and  plot  E(r)/Eo  with  r ranging  from  0 to  3 for  values  of  V - 1 .0.  I 4. 1 
IX  2.6.  and  3.0. 

2-25.  Commonly  available  tingle-mode  fihers  have  beat  lengths  in  the  range  10  cm  < L, 
< 2 m What  range  of  refractive-index  differences  doc*  thi*  correspond  to  for 
k = 1300  nm? 

2-26.  Plot  the  refractive-index  profiles  from  rt|  to  n<  as  a function  of  radial  distance  r < a 
for  graded-mdex  fibers  that  have  a values  of  1.  2, 4,  8.  and  oo  (step  index)  Assume 
the  fibers  have  a 25-jxm  core  radius,  m = I.4K.  and  A = 0,01. 
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2-27.  Calculate  the  number  of  modes  at  820  nm  and  1.3  *im  in  a graded -index  liber 
having  a parabolic -index  profile  (a  = 2).  a 25-jim  core  radius,  n,  = I 48.  and 
n;  = I 46  How  docs  this  compare  to  a step-index  liber'' 

2-28.  Calculate  the  numerical  apertures  of  to)  a plastic  step-index  fiber  having  a core 
refractive  index  of  m = 1.60  and  a cladding  index  of  »«  = 1.49,  (6)  a step-index 
fiber  having  a silica  core  </it  = 1 458)  and  u silicone  resin  cladding  («;  = I 405) 
2-29.  When  a preform  is  drawn  into  a fiber,  the  principle  of  conservation  of  moss  must  be 
satisfied  under  steady-state  drawing  conditions  Show  that  for  a solid  rod  preform 
this  is  represented  by  the  expression 


where  D and  J ate  the  preform  and  fiber  diameters,  and  S and  x are  the  preform 
feed  and  fiber-draw  speeds,  respectively  A typical  drawing  speed  is  I J!  m,  x for  a 
l25-<tm  outer-diameter  fiber  What  is  the  preform  feed  rate  m cm  mm  for  a 9-mm- 
diametcr  preform? 

2-30.  A silica  tube  with  inside  and  outside  radii  of  3 and  4 mm,  respectively,  is  to  have  a 
certain  thickness  of  glass  deposited  on  the  inner  surface  Wliul  should  the  thickness 
of  this  glass  deposition  be  if  a fiber  having  a core  diameter  of  50  |im  and  an  outer 
cladding  diameter  of  125  /am  is  to  be  drawn  from  this  preform? 

2-31.  (a)  The  density  of  fused  silica  is  2.6  g/cm1  How  many  grams  are  needed  for  a 
l-km-long  SO-iim-dumetcr  fiber  core'’ 

(f»)  If  the  core  material  is  to  be  deposited  inside  of  a glass  tube  at  a 0.5-g/nun 
deposition  rate,  how  long  does  it  take  to  make  the  preform  for  this  fiber? 

2-32.  During  fabrication  of  optical  fibers,  dust  purticles  incorporated  into  the  fiber  sur- 
face are  prime  examples  of  surface  flaw*  that  can  lead  to  reduced  filler  strength 
What  sire  dust  particles  arc  tolerable  if  a glass  fiber  having  a 20-N,  nim’/:  stress 
intensity  factor  i*  to  withstand  a 700-MN  nr  stress? 

2-33.  Static  fatigue  in  u glass  fiber  refer*  to  the  condition  where  a liber  is  stressed  to  a 
level  <r„,  which  is  much  les*  than  the  fracture  stress  associated  with  the  weakest  flaw 
Initially,  the  fiber  will  not  fail  but,  with  time,  cracks  in  the  fiher  will  grow  as  a result 
of  chemical  erosion  at  the  crack  tip.  One  model  for  the  growth  rate  of  a crack  of 
depth  x ussumes  a relation  of  the  form  given  in  Eq.  (2-86). 

(a)  Using  this  equation,  show  that  the  time  required  for  a crack  of  initial  depth  Xi 
to  grow  to  its  failure  size  xj  >*  given  by 


r 


2 <lf(3-*V7  _ 

(6-2M(K<rr  ‘ *' 


(b)  For  long,  static  fatigue  times  (on  the  order  of  20  years).  K}~h  «:  Kj  " for  large 
values  of  b.  Show  that  undet  this  condition  the  failure  time  is 

IK ?-* 

' (b-2)*(T*r- 


2-34.  Derive  Eq.  (2-90)  by  starting  with  Eq  (2-86). 

2-35.  Derive  Eq.  (2-95)  by  using  the  expressions  given  in  Eq*.  (2-92)  and  (2-93)  for  the 
number  of  flaws  per  unit  length  failing  in  a time  I.  Verify  the  rclalionxhip  given  in 
Eq.  (2-96). 
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2-36.  Consider  two  similar  fiber  samples  of  length*  L\  and  L ; subjected  to  stress  levels  of 
a,  and  a2.  respectively  If  0|,.  and  alt  are  the  corresponding  fast-fracture  stress 
levels  for  equal  failure  probability,  show  that 


From  Fig.  2-34  estimate  the  value  of  m for  a 10-pcrcent  failure  probability  of  these 
particular  cthylcrve- vinyl-ace  tale -coated  fibers. 
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CHAPTER 
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SIGNAL 
DEGRADATION 
IN  OPTICAL 
FIBERS 


In  Chap.  2 wc  showed  the  structure  of  optical  fibers  and  examined  the  concepts  of 
how  light  propagates  along  a cylindrical  dielectric  optical  waveguide.  Here,  wc 
shall  continue  the  discussion  of  optical  fibers  by  answering  two  very  important 
questions 

1.  What  art  the  loss  or  signal  attenuation  mechanisms  in  a fibert 

2.  Why  and  to  what  degree  do  optical  signals  gel  distorted  as  they  propagate 
along  a fiber? 

Signal  attenuation  (also  known  as  fiber  hus  or  xtRnuI  loss)  is  one  of  the  most 
important  properties  of  an  optical  fiber,  because  it  largely  determines  the  max- 
imum unamplified  or  rcpeatcrless  separation  between  a transmitter  and  a receiver. 
Since  amplifiers  and  repeaters  are  expensive  to  fabricate,  install,  ami  maintain,  the 
degree  of  attenuation  in  a fiber  has  large  influence  on  system  cost.  Of  equal 
importance  is  signal  distortion.  The  distortion  mechanisms  in  a fiber  cause  optical 
signal  pulses  to  broaden  as  they  travel  ulong  a fiber.  If  these  pulses  travel  suffi- 
ciently far,  they  will  eventually  overlap  with  neighboring  pulses,  thereby  creating 
errors  in  the  receiver  output.  The  signal  distortion  mechanisms  thus  limit  the 
information-carrying  capacity  of  a fiber. 

Section  3.3  on  pulse  broadening  in  graded-index  fibers  and  See.  3.4  on  mode 
coupling  encompass  advanced  matcriul  that  can  be  skipped  without  loss  of  con- 
tinuity: these  sections  are  designated  by  a star  (*).  In  relation  to  signal-degradation 
effects,  App.  F shows  the  origin  of  several  factors  contributing  to  fiber  dispersion 
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3.1  ATTENUATION 

Attenuation  of  a light  signal  as  it  propagates  along  a fiber  is  an  important  con- 
sideration in  the  design  of  an  optical  communication  system,  since  it  plays  a major 
role  in  determining  the  maximum  transmission  distance  between  a transmitter  and 
a receiver  or  an  in-line  amplifier.  The  basic  attenuation  mcchumsms  in  a fiber  arc 
absorption,  scattering,  and  radiative  losses  of  the  optical  energy.1"5  Absorption  is 
related  to  the  fiber  material,  whereas  scattering  is  associated  both  with  the  fiber 
material  and  with  structural  imperfections  in  the  optical  waveguide.  Attenuation 
owing  to  radiative  effects  originates  from  perturbations  (both  microscopic  and 
macroscopic)  of  the  fiber  geometry 

In  this  section  we  shall  first  discuss  the  units  in  which  fiber  losses  are 
measured  and  then  present  the  physical  phenomena  giving  rise  to  attenuation 


3.1.1  Attenuation  Units 

As  light  travels  along  a fiber,  its  power  decreases  exponentially  with  distance  If 
P(0)  is  the  optical  power  in  a fiber  at  the  origin  (at  : = 0).  then  the  power  P{:)  at  a 
distance  z further  down  the  fiber  is 

t\z)  = wy-'*  (3-lu) 

where 


is  the  fiber  attenuation  coefficient  given  in  units  of.  for  example,  km"1.  Note  ihat 
the  units  for  2zaf  can  also  be  designated  by  nepers  (see  App  D). 

For  simplicity  in  calculating  optical  signal  attenuation  in  a fiber,  the  com- 
mon procedure  is  to  express  the  attenuation  coefficient  in  units  of  decibels  per 
kilometer,  denoted  by  dB.km.  Designating  this  parameter  by  or.  we  have 

ofdB/km)  = “log[“]  =4.343a„(km-')  (3-Ic) 

This  parameter  is  generally  referred  to  as  the  fiber  loss  or  the  fiber  attenuation.  It 
depends  on  several  variables,  as  is  shown  in  the  following  sections,  and  it  is  a 
function  of  the  wavelength,  as  is  illustrated  by  the  general  attenuation  curve  in 
Fig.  3-1 


Example  3-1.  An  ideal  fiber  would  have  no  loss  so  that  PIKn  - This  corresponds 
to  a O-dB/lun  attenuation,  which,  in  practice,  is  unposnible  An  actual  low-loss  fiber 
may  have  a J-<lB  'kra  average  loss  at  900  nm.  for  example.  This  means  that  the  optical 
signal  power  would  dccrcusc  by  50  percent  over  a 1-km  length  and  would  decrease  by 
75  percent  (u  6-dH  loss)  over  a 2- km  length,  since  loss  contributions  expressed  in 
decibels  are  additive. 
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KICIHE  >i 

Optical  fiber  attenuation  u ■ function  of  wavelength  yield*  nominal  value*  of  0.5  dBLni  at  1500  ran 
andOidB.km  al  1550  nm  for  nundanl  single-mode  fiber  (*ol>d  curve)  Thu  fiber  ihowtan  attrrmanon 
peak  around  1400  nm  mulling  from  absorption  by  water  molecule*  The  dashed  curve  tt  for  a water- 
free  AJIWave*  fiber  (data  courtesy  of  Lucent  Technologie*) 


Note  that  App  D contains  a review  of  decibels,  which  are  used  to  facilitate 
calculations  of  power  budgets  in  a light-wave  link.  As  described  therein,  optical 
powers  are  commonly  expressed  in  units  of  dBm.  which  ts  the  decibel  power  level 
referred  to  I mW 

■■  Example  )*1  C onsider  a 30-km  long  optical  fiber  that  haa  an  attenuation  of  0.8  dB 
km  at  1300  nm  Suppose  wc  want  to  find  the  opucal  output  power  Post  if  200 pW  of 
optical  power  is  launched  into  the  fiber  Wc  first  use  Eq.  (D-2)  to  express  the  input 
power  in  dBm  units 


/a(dBin)  = It)  log 


-7.0  dBm 


From  Eq.  (3-lr)  wc  then  have  that  the  output  power  level  (in  dBm)  at : = 30  km  is 

* I0IC,,[t^]  - “ 

= -7.0dBm  — (0.8dB/kmM30km)  = -3l.0dBm 
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In  units  of  watts,  from  Eq.  (D-2)  the  output  power  is 

f(30km)  = 10  *",',0<lmW)  = O.79x  10°  mW  = 0.79<iW 


3.1.2  Absorption 

Absorption  is  caused  by  three  different  mechanisms: 

1.  Absorption  by  atomic  defects  in  the  glass  composition 

2.  Extrinsic  absorption  by  impurity  atoms  in  the  glass  material. 

3.  Intrinsic  absorption  by  the  basic  constituent  atoms  of  the  fiber  material. 

Atomic  defects  ure  imperfections  in  the  atomic  structure  of  the  fiber  mate- 
rial Exumples  are  missing  molecules,  high-density  clusters  of  atom  groups,  or 
oxygen  defects  in  the  glass  structure  Usually,  absorption  losses  arising  from  these 
defects  are  negligible  compared  with  intrinsic  and  impurity  absorption  effects. 
However,  they  can  be  significant  if  the  fiber  is  exposed  to  ionizing  radiation,  as 
might  occur  in  a nuclear  reactor  environment,  in  medical  radiation  therapies,  in 
space  missions  that  pass  through  the  earth's  Van  Allen  belts,  or  in  accelerator 
instrumentation  t‘'v  In  such  applications,  high  radiation  doses  may  be  accumu- 
lated over  several  years. 

Radiation  damages  a material  by  changing  its  internal  structure.  The 
damage  effects  depend  on  the  energy  of  the  ionizing  particles  or  rays  (e.g..  elec- 
trons. neutrons,  or  gamma  rays),  the  radiation  flux  (dose  rate),  and  the  fluencc 
(particles  per  square  centimeter).  The  total  dose  a material  receives  is  expressed  in 
units  of  rad(Si).  which  is  u measure  of  radiation  absorbed  in  bulk  silicon  This  unit 
is  defined  as 

1 rad(Si)  = lOOerg/g  = 0.01  J/kg 

The  basic  response  of  a fiber  to  ionizing  radiation  is  an  increase  in  attenuation 
owing  to  the  creation  of  atomic  defects,  or  attenuation  centers,  that  absorb  optical 
energy.  The  higher  the  radiation  level,  the  larger  the  attenuation,  as  Fig  3-2u 
illustrates.  However,  the  attenuation  centers  will  relax  or  anneal  out  with  time,  as 
shown  in  Fig.  3-2/v  Thus,  the  specific  radiation-induced  loss  in  fibers  is  complex, 
and  some  guidelines  for  application  have  been  recommended.7 

The  dominant  absorption  factor  in  fibers  prepared  by  the  direct-melt 
method  is  the  presence  of  impurities  in  the  fiber  material.  Impunty  absorption 
results  predominantly  from  transition  metal  ions,  such  as  iron,  chromium,  cobalt, 
and  copper,  and  from  OH  (water)  ions  The  transition  metal  impurities  which  arc 
present  in  the  starting  materials  used  for  direct-melt  fibers  range  between  I and  10 
parts  per  billion  (ppb),  causing  losses  from  1 to  10  dB  km  The  impunty  levels  in 
vupor-pha.se  deposition  processes  arc  usually  one  to  two  orders  of  magnitude 
lower.  Impunty  absorption  losses  occur  either  because  of  electronic  transitions 
hriween  ihc  enerwv  levels  associated  with  the  incompletely  filled  inner  subshell  of 
these  ions  or  because  of  charge  transitions  from  one  ion  to  another  The  absorp- 


1 1 ATTTStiATION  95 


<»> 


(b) 


FIGURE  y-2 

Effects  of  lonmng  nidiulHin  on  optical 
fihct  attenuation  (a)  Lou  increase  during 
ulead y irradiation  to  a total  daw  of 
lit4  radfSil,  (/•(  Subsequent  recovery  at  a 
function  of  time  after  radiation  hat 
Mopped  (Modified  with  permission  from 
Wett  et  al  ,v  C IVM,  IEEE  ) 


tton  peaks  of  the  various  transition  metal  impurities  tend  to  he  broad,  and  several 
peaks  may  overlap,  which  further  broadens  the  absorption  region 

The  presence  of  OH  (water)  ion  impurities  in  fiber  preforms  results  mainly 
from  the  oxyhvdrogen  flame  used  for  the  hydrolysis  reaction  of  the  SiC'U.  GcCL*. 
and  POCh  starting  materials.  Water  impurity  concentrations  of  less  than  a few 
parts  per  billion  are  required  if  the  attenuation  is  to  be  less  than  20  dB/km  Early 
optical  fibers  had  high  levels  of  OH  ions  which  resulted  in  large  absorption  peaks 
occurring  at  1400,  950.  and  725  nm.  These  arc  the  first,  second,  and  third  over- 
tones. respectively,  of  the  fundamental  absorption  peak  of  water  near  2.7  ^m.  as 
jhown  in  Fig.  1-7.  Between  these  absorption  peaks  there  arc  regions  of  low 
attenuation. 

The  peaks  and  valleys  in  the  attenuation  curve  resulted  in  the  designation  of 
various  "transmission  windows”  to  optical  fibers.  By  reducing  the  residual  OH 
content  of  fibers  to  around  I ppb,  standard  commercially  available  single-mode 
fibers  have  nominal  attenuations  of  0.5  dB/km  in  the  1300-nm  window  and  0.3 
dB  km  in  the  1550-nm  window,  as  shown  by  the  solid  curve  in  Fig  3-1.  An 


46  SUONAI  UHJMAfMtlON  IN  OfTTCAl  MUM 


effectively  complete  elimination  of  water  molecules  from  the  fiber  results  in  the 
dashed  curve  shown  in  Fig.  3-1.  This  is  for  an  AllWaveK  fiber  made  by  Lucent 
Technologies. 

Intrinsic  absorption  is  associated  with  the  basic  fiber  material  (e  g.,  pure 
Si02)  and  is  the  principal  physical  factor  that  defines  the  transparency  window  of 
a material  over  a specified  spectral  region.  It  occurs  when  the  matenal  is  in  a 
perfect  stule  with  no  density  variations,  impurities,  matenal  inhomogencities,  and 
so  on.  Intrinsic  absorption  thus  sets  the  fundamental  lower  limit  on  absorption 
for  any  particular  matenal 

Intrinsic  absorption  results  from  electronic  absorption  bands  in  the  ultra- 
violet region  and  from  atomic  vibration  bands  in  the  near-infrared  region.  The 
electronic  absorption  bands  are  associated  with  the  band  gaps  of  the  amorphous 
glass  materials.  Absorption  occurs  when  a photon  interacts  with  an  electron  in  the 
valence  band  and  excites  it  to  a higher  energy  level,  as  is  described  in  Sec  2.1.  The 
ultraviolet  edge  of  the  electron  absorption  bands  of  both  amorphous  and  crystal- 
line materials  follow  the  empirical  relationship1  ’ 

<*u,  = O*'*  (3-2e) 

which  is  known  as  Urbach's  rule  Here.  C and  Eq  arc  empirical  constants  and  E is 
the  photon  energy  The  magnitude  and  characteristic  exponential  decay  of  the 
ultraviolet  absorption  are  shown  in  Fig  3-3.  Since  F.  is  inversely  proportional  to 
the  wavelength  k,  ultraviolet  absorption  decays  exponentially  with  increasing 
wavelength.  In  particular,  the  ultraviolet  lovs  contribution  in  dB/km  at  any  wave- 
length can  be  expressed  empirically  as  u function  of  the  mole  fraction  x of  GeO; 
as  " 


<*uv 


154.2* 

46. 6*  + 60  X 


(3-25) 


As  shown  in  Fig  3-3.  the  ultraviolet  loss  is  small  compared  with  scattering  loss  in 
the  near-infrared  region. 

In  the  near-infrared  region  above  1.2  ^m.  the  optical  waveguide  loss  is 
predominantly  determined  by  the  presence  of  OH  ions  and  the  inherent  infrared 
absorption  of  the  constituent  material.  The  inherent  infrared  absorption  is  asso- 
ciated with  the  characteristic  vibration  frequency  of  the  particular  chemical  bond 
between  the  atoms  of  which  the  fiber  is  composed  An  interaction  between  the 
vibrating  bond  und  the  electromagnetic  field  of  the  optical  signal  results  in  a 
transfer  of  energy  from  the  field  to  the  bond,  thereby  giving  rise  to  absorption 
This  absorption  is  quite  strong  because  of  the  many  bonds  present  in  the  fiber  An 
empirical  expression  for  the  infrared  absorption  in  dB/km  for  Gc02-SiO;  glass 

in  1 1 


am  = 7.81  x 10"  x exp^^^^^  (3-3) 

Tli esc  mechanisms  result  in  a wedge-shaped  spectral-loss  characteristic 
Within  this  wedge,  losses  as  low  as  0.154  dB/km  at  1.55  nm  in  a single-mode 
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FIGl’RF.  3-3 

Opt  tail  fiber  attemmtion  charai- 
leriiltcs  and  that  limiting  mech- 
anisms for  a OeOj  -doped  low 
loss  low-OH -content  silica  fiber 
(Reproduced  with  permission  front 
Ounuiet  al  ") 


fiber  have  been  measured.1'  A comparison1’  of  the  infrared  absorption  induced 
by  various  doping  materials  in  low-water  content  fibers  is  shown  in  Fig.  3-4  This 
indicates  lhat  for  operation  at  longer  wavelengths  GcO;-doped  fiber  material  is 
the  most  desirable.  Note  lhat  the  absorption  curve  shown  in  Fig  3-3  is  for  a 
GeOj-doped  fiber 


3.1.3  Scattering  Loms 

Scattering  losses  in  glass  arise  from  microscopic  variations  in  ihc  material  density, 
from  compositional  fluctuations,  and  from  structural  inhomogeneities  or  defects 
occurring  during  fiber  manufacture.  As  we  saw  in  Sec  2.7,  glass  is  composed  of  a 
randomly  connected  network  of  molecules.  Such  a structure  naturally  contains 
regions  in  which  the  molecular  density  is  either  higher  or  lower  than  the  average 
density  in  the  glass.  In  addition,  since  glass  is  made  up  of  several  oxides,  such  as 
Sit);.  Gc02,  and  P.«Oj  compositional  fluctuations  can  occur  These  two  effects 
give  rise  to  refractive-index  variations  which  occur  within  the  glass  over  distances 
that  are  small  compared  with  the  wavelength.  These  index  variations  cuusc  a 
Rayleigh-type  scattering  of  the  light  Rayleigh  scattering  in  glass  is  the  same 
phenomenon  that  scatters  light  from  the  sun  in  the  atmosphere,  thereby  giving 
rue  to  a blue  sky. 
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The  expressions  for  scattering-induced  attenuation  are  fairly  complex  owing 
to  the  random  molecular  nature  and  the  various  oxide  constituents  of  glass.  For 
single-component  glass  the  scattering  loss  at  u wavelength  X resulting  from  density 
fluctuations  cun  be  approximated  by314  (in  base  e units) 

U.1 

««*  = 3^4 1"1  - 1 )2*bT/Pt  (3-4*) 

Here,  n is  the  refractive  index,  kg  is  Boltzmann's  constant,  fir  is  the  isothermal 
compressibility  of  the  matcnal.  and  the  fictive  temperature  7}  is  the  temperature 
at  which  the  density  fluctuations  arc  frozen  into  the  glass  as  it  solidifies  (after 
having  been  drawn  into  a fiber)  Alternatively,  the  relation3 15  (in  base  <•  units) 

g_i 

aw,i=^»V**7)/»r  (34A) 

has  been  derived,  where  p is  the  photoelastic  coefficient.  A comparison  of  Eqs 
(3-4<t)  and  (3-47>)  is  given  in  Prob.  3-6.  Note  that  Eqs.  (3-4u)  and  (3-4,!>)  are  given 
in  units  of  nepers  (that  is.  base  e units).  As  shown  in  Eq.  (3-1),  to  change  this  to 
decibels  for  optical  power  attenuation  calculations,  multiply  these  equations  by 
tOloge  = 4.343. 
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For  multicomponent  glasses  the  scattering  is  given  by' 

Q_J 

o = j^(to2)2aF  (3-5) 

where  the  square  of  the  meun-square  refractive-index  fluctuation  (Stt2)1  over  a 
volume  of  iF  is 

i : i . v(g)V-,,= 

Here.  Sp  is  the  density  fluctuation  and  SC)  is  the  concentration  fluctuation  of  the 
rth  glass  component.  The  magnitudes  of  the  composition  and  density  fluctuations 
are  generally  not  known  and  must  be  determined  from  experimental  scattering 
data  Once  they  arc  known  the  scattering  loss  can  be  calculated. 

Structural  inhomogcncities  and  defects  created  during  fiber  fabrication  cun 
also  cause  scattering  of  light  out  of  the  fiber.  These  defects  may  be  in  the  form  of 
trapped  gas  bubbles,  unrcacled  starting  materials,  and  crystallized  regions  in  the 
glass.  In  general,  the  preform  manufacturing  methods  that  have  evolved  have 
minimized  these  extrinsic  effects  to  the  point  where  scattering  (hat  results  from 
them  is  negligible  compared  with  the  intrinsic  Rayleigh  scattering. 

Since  Rayleigh  scattering  follows  a characteristic  A.-4  dependence,  it 
decreases  dramatically  with  increasing  wavelength,  as  is  shown  in  Fig  3-3.  For 
wavelengths  below  about  I /xm  it  is  the  dominant  loss  mechanisms  in  u fiber  and 
gives  the  attenuation-versus-wavclcngth  plots  their  characteristic  downward  trend 
with  increasing  wavelength.  At  wavelengths  longer  than  1 /xm.  infrared  absorp- 
tion effects  tend  to  dominate  optical  signal  attenuation. 

Combining  the  infrared,  ultraviolet,  and  scattering  losses,  we  get  the  results 
shown  in  Fig.  3-5  for  multimode  fibers  and  Fig.  3-6  for  single-mode  fibers,16  Both 
or  these  figures  are  for  typical  commercial-grade  silica  fibers.  The  losses  of  multi- 
mode fibers  arc  generally  higher  than  those  of  single-mode  fibers.  This  is  a result 
of  higher  dopant  concentrations  and  the  accompanying  larger  scattering  loss  due 
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tn  greater  compositional  fluctuation  in  multimode  fibers.  In  addition,  multimode 
fibers  are  subject  to  higher-ordcr-mode  losses  owing  to  perturbations  at  the  core- 
cladding  interface. 

3.1.4  Bending  Losses 

Radiative  losses  occur  whenever  an  optical  fiber  undergoes  u bend  of  finite  radius 
of  curvature.17*”  Fibers  cun  be  subject  to  two  types  of  bends;  (<r)  macroscopic 
bends  having  radii  that  arc  large  compared  with  the  fiber  diameter,  for  example, 
such  as  those  that  occur  when  a fiber  cable  turns  a corner,  and  (b)  random 
microscopic  bends  of  the  fiber  axis  thut  can  arise  when  the  fibers  arc  incorporated 
into  cables 

Let  us  first  examine  large-curvature  radiation  losses,  which  arc  known  as 
macrobending  losses  or  simply  bending  losses.  For  slight  bends  the  excess  loss  is 
extremely  small  and  is  essentially  unobservable.  As  the  radius  of  curvature 
decreases,  the  loss  increases  exponentially  until  at  a certain  critical  radius  the 
curvature  loss  becomes  observnble  If  the  bend  radius  is  made  a bit  smaller 
once  this  threshold  point  has  been  reached,  the  losses  suddenly  become  extremely 
large. 

Qualitatively,  these  curvature  loss  effects  can  be  explained  by  examining  the 
modal  electric  field  distributions  shown  in  Fig.  2-14.  Recall  that  this  figure  shows 
that  any  bound  core  mode  has  an  evanescent  field  tail  in  the  cladding  which 
decays  exponentially  as  a function  of  distance  from  the  core.  Since  this  field  tail 
moves  along  with  the  field  in  the  core,  part  of  the  energy  of  a propagating  mode 
travels  in  the  fiber  cladding.  When  a fiber  is  bent,  the  field  tail  on  the  far  side  of 
the  center  of  curvature  must  move  faster  to  keep  up  with  the  field  in  the  core,  as  is 
shown  in  Fig.  3-7  for  the  lowesi-ordcr  fiber  mode.  At  a certain  critical  distance  x, 
from  i he  center  of  the  fiber,  the  field  tail  would  have  to  move  faster  than  the  speed 
of  light  to  keep  up  with  the  core  field.  Since  this  is  not  possible  the  optical  energy 
in  the  field  tail  beyond  xe  radiates  away. 
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nCl'RE  J-7 

Slctdi  of  llic  fundamental  mock  field  in  a curved  optical  waveguide  (Reproduced  with  permission 
from  E A J M area  (ill  and  S.  E Miller.  Bril  Syti.  Trek  J vol  48.  p.  2161,  Sept  l%9.  i 1969. 
ATAT.) 

The  amount  of  optical  radiation  from  a bent  fiber  depends  on  the  field 
strength  at  .r,  and  on  the  radius  of  curvature  R Since  higher-order  modes  arc 
bound  less  tightly  to  the  fiber  core  than  lower-order  modes,  the  higher-order 
modes  will  radiate  out  of  the  fiber  first.  Thus,  the  total  number  of  modes  that 
can  be  supported  by  a curved  fiber  is  less  than  in  a straight  fiber.  Gloge1*  has 
derived  the  following  expression  for  the  effective  number  of  modes  N,n  that  are 
guided  by  a curved  multimode  fiber  of  radius  <r 

where  u defines  the  graded-index  profile,  A is  the  core  cladding  index  difference, 
nj  is  the  cladding  refractive  index,  k = In/k  is  the  wave  propagation  constant, 
and 

N^^-^-Anykafb  (3-8) 

or  + 2 

is  the  total  number  of  modes  in  a straight  fiber  (see  Fq.  (2-81  i) 

■■  Example  3-3.  As  an  example,  let  us  find  the  radius  of  curvature  R at  which  the 
number  of  modes  decreases  by  50  percent  in  a gruded  index  fiber  For  this  fiher, 
let  a = 2,  = 1.5,  A = 0.01.  a = 25  pm.  and  lei  the  wavelength  of  the  guided  light 

be  I 3/im  Solving  Eq.  (3-7)  yields  At  = 1.0  cm 

Another  form  of  radiation  loss  in  optical  waveguides  results  from  mode 
coupling  caused  by  random  microbends  of  the  optical  fiber. Microhrnds  are 
repetitive  small-scale  fluctuations  in  the  radius  of  curvature  of  the  fiber  axis,  as  is 
illustrated  in  Fig.  3-8.  They  arc  caused  either  by  nonuniformities  in  the  manufnc- 
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Power  (oupliai  lo  tugber -order  modes 


FIGURE  VB 

Small-scale  fluctuations  in  (he  radius  of  curvature  of  (he  fiber  un  leads  to  microbcndmg  tosses 
Microbends  can  shed  hi|hcr-ordcr  modes  and  can  cause  power  from  low-order  modes  to  couple  (a 
higher  order  modes. 

turing  of  the  fiber  or  by  nonunifonn  lateral  pressures  created  during  the  cabling  of 
the  fiber.  The  latter  effect  is  often  referred  to  as  cabling  or  packaging  losses.  An 
increase  in  attenuation  results  from  microbending  because  the  fiber  curvature 
causes  repetitive  coupling  of  energy  between  the  guided  modes  and  the  leaky  or 
nonguided  modes  in  the  fiber. 

One  method  of  minimizing  microbending  losses  is  by  extruding  a compres- 
sible jacket  over  the  fiber.  When  external  forces  are  applied  to  this  configuration, 
the  jacket  will  be  deformed  but  the  fiber  will  tend  to  stay  relatively  straight,  as 
shown  in  Fig.  3-9  For  a multimode  graded-index  fiber  having  a core  radius  a. 
outer  radius  b (excluding  the  jacket),  and  index  difference  A.  the  microbcndin; 
loss  an  of  a jacketed  fiber  is  reduced  from  that  of  an  unjneketed  fiber  by  a 
factor3 1 


FIGURE  M 

A compreuiblc  jacket  extruded  over  a Fiber  reduce*  aucrobcnding  mulling  from  external  forces 
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Here,  E,  and  E/  are  the  Young’s  moduli  of  the  jacket  and  fiber,  respectively  The 
Young’s  modulus  of  common  jacket  materials  ranges  from  20  to  500  MPa.  The 
Young’s  modulus  of  fused  silica  glass  is  about  65  GPa. 


3.1.5  Core  and  Cladding  Losses 

Upon  measuring  the  propagation  losses  in  an  actual  fiber,  all  the  dissipative  and 
scattering  losses  will  be  manifested  simultaneously.  Since  the  core  and  cladding 
have  different  indices  of  refraction  and  therefore  differ  in  composition,  the  core 
and  cladding  generally  have  different  attenuation  coefficients,  denoted  a<  and  oj, 
respectively.  If  the  influence  of  modal  coupling  is  ignored/1  the  loss  for  a mode  of 
order  fv.  m)  for  a step-index  waveguide  is 


(3-IOfl) 


where  the  fractional  powers  P„*»/P  and  PcUd/P  are  shown  in  Fig.  2-22  for  several 
low-order  modes.  Using  Eq.  (2-71),  this  can  be  written  as 

peU, , 

t»««  =«i  +(«2  (3-10A) 

The  total  loss  of  the  waveguide  can  be  found  by  summing  over  all  modes  weighted 
by  the  fractional  power  in  that  mode 

For  the  case  of  a graded-index  fiber  the  situation  is  much  more  complicated. 
In  this  case,  both  the  attenuation  coefficients  and  the  modal  power  tend  to  be 
functions  of  the  radial  coordinate.  At  a distance  r from  the  core  axis  the  loss  is  u 


where  </|  and  02  are  the  axial  and  cladding  attenuation  coefficients,  respectively, 
and  the  n terms  are  defined  by  Eq.  (2-78).  The  loss  encountered  by  a given  mode  is 
then 


a(r)p{r)r  dr 

a" = 


(3-12) 


where  p{r)  is  the  power  density  of  that  mode  at  r.  The  complexity  of  the  multi- 
mode waveguide  has  prevented  an  experimental  correlation  with  a model. 
However,  it  has  generally  been  observed  that  the  loss  increases  with  increasing 
mode  number.:5  H 


3.2  SIGNAL  DISTORTION  IN  OPTICAL 
WAVEGUIDES 

An  optical  signal  becomes  increasingly  distorted  as  it  travels  along  a fiber.  This 
distortion  is  a consequence  of  intramodal  dispersion  and  intermodul  delay  effects. 
These  distortion  effects  can  be  explained  by  examining  the  behavior  of  the  group 


KM 
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velocities  of  the  guided  modes,  where  the  group  velocity  is  the  speed  at  which 
energy  in  a particular  mode  travels  along  the  liber. 

Intramodal  dispersion  or  chromatic  dispersion  is  pulse  spreading  that  occurs 
w ithin  a single  mode  The  spreading  arises  from  the  finite  spectral  emission  width 
of  an  optical  source  This  phenomenon  is  also  known  as  group  velocity  dispersion 
(GVD),  since  the  dispersion  is  a result  of  the  group  velocity  being  a function  of  the 
wavelength.  Because  intramodal  dispersion  depends  on  the  wavelength,  its  effect 
on  signal  distortion  increases  with  the  spectral  width  of  the  optical  source.  Thi' 
spectral  width  is  the  band  of  wavelengths  over  which  the  source  emits  light  It  i« 
normally  characterized  by  the  root-mean-squarc  (rms)  spectral  width  ak  (see  Tig 
4-12).  For  light-emitting  diodes  | LEDs)  the  rms  spectral  width  is  approximately  5 
percent  of  a central  wavelength.  For  example,  if  the  peak  emission  wavelength  of 
an  LED  source  is  850  nm.  a typical  source  spectral  width  would  be  40  nm;  that  iv 
the  source  emits  most  of  its  optical  power  in  the  830-lo-870-nm  wavelength  band 
Laser  diode  optical  sources  have  much  narrower  spectral  widths,  with  typical 
values  being  12  nm  for  multimode  lasers  and  I0  4 nm  for  single-mode  lasers 
The  two  main  causes  of  intramodal  dispersion  are  as  follows: 

1.  Material  dispersion,  which  arises  from  the  variation  of  the  refractive  index  of 
the  core  material  as  a function  of  wavelength  (Material  dispersion  is  some- 
times referred  to  as  chromatic  dispersion,  since  this  is  the  same  effect  by  which 
a prism  spreads  out  a spectrum.)  This  causes  a wavelength  dependence  of  the 
group  velocity  of  uny  given  mode:  that  is,  pulse  spreading  occurs  even  when 
different  wavelengths  follow  the  same  path 

2.  Waveguide  dispersion,  which  occurs  because  a single-mode  fiber  confines  only 
about  HO  percent  of  the  optical  power  to  the  core.  Dispersion  thus  arises,  since 
the  20  percent  of  the  light  propagating  in  the  cladding  travels  faster  than  the 
light  confined  to  the  core.  The  amount  of  waveguide  dispersion  depends  on 
the  fiher  design,  since  the  modal  propagation  constant  /)  is  a function  of  afi 
(the  optical  fiber  dimension  relative  to  the  wavelength  a;  here,  a is  the  core 
radius). 

The  other  factor  giving  rise  to  puLsc  spreading  is  intermodal delay,  which  is  a result 
of  each  mode  having  a different  value  of  the  group  velocity  at  a single  frequency. 

Of  these  three,  waveguide  dispersion  usually  can  be  ignored  in  multimode 
fibers.  However,  this  effect  is  significant  in  single-mode  fibers.  The  full  effects  of 
these  three  distortion  mechanisms  arc  seldom  observed  in  practice,  since  they  tend 
to  be  mitigated  by  other  factors,  such  as  nonidcal  index  profiles,  optical  pow  er  - 
launching  conditions  (different  amounts  of  optical  power  launched  into  the  var- 
ious modes),  nnnuniform  mode  attentuation,  and  mode  mixing  in  the  fiber  and  in 
splices;  and  by  statistical  variations  in  these  effects  along  the  fiber  In  this  section 
wc  shall  first  discuss  the  general  effects  of  signal  distortion  and  then  examine  the 
various  dispersion  mechanisms.  By  using  a Taylor  scries  expansion  of  the  prop.) 
gation  constant  ft.  App.  F shows  the  origin  of  several  factors  contributing  to 
dispersion 
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3.2.1  Information  Capacity  Determination 

A result  of  the  dispersion-induced  signal  distortion  is  that  a light  pulse  will 
broaden  as  it  travels  along  the  fiber.  As  shown  in  Fig  3-10,  this  pulse  broadening 
will  eventually  cause  a pulse  to  overlap  with  neighboring  pulses.  After  a certain 
umount  of  overlap  has  occurred,  adjacent  pulses  can  no  longer  be  individually 
distinguished  at  the  receiver  and  errors  will  occur.  Thus,  the  dispersive  properties 
determine  the  limit  of  the  information  capacity  of  the  fiber 

A measure  of  the  information  capacity  of  an  optical  waveguide  is  usually 
ipecificd  by  the  bandwidlh-distumc  product  in  MHz -km.  For  a step-index  fiber 
die  various  distortion  effects  tend  lo  limit  the  bandwidth-distance  product  to 
about  20  MHz -km.  In  graded-index  fibers  the  radial  refractive-index  profile 
an  be  carefully  selected  so  that  pulse  broadening  is  minimized  at  a specific 
operating  wavelength.  This  had  led  to  bandwidth  distance  products  as  high  as 
2J  GHz  km.  Single-mode  fibers  can  have  capacities  well  in  excess  of  this.  A 
comparison  of  the  information  capacities  of  various  optical  fibers  with  the  capa- 
cities of  typical  coaxial  cables  used  for  UHF  and  VHF  transmission  is  shown  in 


IlGtiSF.  >10 

Bftiodoiinr,  ami  Attenuation  of  two  adjacent  pulses  as  they  travel  along  a fiber  (u)  Originally,  llie 
pilvs  a iv  separate.  16)  the  pulses  overlap  slightly  and  are  dearly  distinguishable;  (r I the  pulses  overlap 
vjntlkanlh  and  are  hardy  distinguishable,  (it)  eventually,  the  pulses  strongly  overlap  and  are  indis- 
unjuabaWc 
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Fig.  3-11.  The  curves  arc  shown  in  terms  of  signal  attenuation  versus  data  rate 
The  flatness  of  the  attenuation  curves  for  the  fibers  extend  up  to  the  microwave 
spectrum. 

The  information-carrying  capacity  can  be  determined  by  examining  the 
deformation  of  short  light  pulses  propagating  along  the  fiber.  The  following 
discussion  on  signal  distortion  is  thus  carried  out  primarily  from  the  standpoint 
of  pulse  broadening,  which  is  representative  of  digital  transmission. 


3.2.2  Croup  Delay 

Let  us  examine  a signal  that  modulates  an  optical  source.  We  shall  assume  that 
the  modulated  optical  signal  excites  all  modes  equally  at  the  input  end  of  the 
fiber.  Each  mode  thus  carries  an  equal  amount  of  energy  through  the  fiber 
Furthermore,  each  mode  contains  all  the  spectral  components  in  the  wavelength 
band  over  which  the  source  emits.  The  signal  may  be  considered  as  modulating 
each  of  these  spectral  components  in  the  same  way.  As  the  signal  propagates 
along  the  fiber,  each  spectral  component  cun  be  assumed  to  travel  independently, 
and  to  undergo  a time  delay  or  group  delay  per  unit  length  in  the  direction  of 
propagation  given  by*4 


i hi  ion  in’  io‘ 

Frequency  IMHO 


FIGURE  3-11 

A companion  ol  the  attenuation  u a function  of  frequency  or  data  rate  of  various  coaxial  cables  and 
several  type*  of  high-bandwidth  optical  fibers 
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L Vg  cdk  2jt  cdk 


(3-13) 


Here,  L is  the  distance  traveled  by  the  pulse,  fi  is  the  propagation  constant  along 
the  fiber  axis,  k - lit/k,  and  the  group  velocity 


V'  = 


(3-14) 


n the  velocity  at  which  the  energy  in  a pulse  travels  along  a fiber. 

Since  the  group  delay  depends  on  the  wavelength,  each  spectral  component 
of  any  particular  mode  lakes  a different  amount  of  time  to  travel  a certain  dis- 
tance As  a result  of  this  difference  in  time  delays,  the  optical  signal  pulse  spreads 
out  with  time  as  it  is  transmitted  over  the  liber.  Thus,  the  quantity  we  are  inter- 
nted  in  is  the  amount  of  pulse  spreading  that  arises  from  the  group  delay  varia- 
tion. 

If  the  spectral  width  of  the  optical  source  is  not  loo  wide,  the  delay  differ- 
ence per  unit  wavelength  along  the  propagation  path  is  approximately  dxg/dk. 
For  spectral  components  which  arc  6k  apart  and  which  lie  6k/ 2 above  and  below  a 
central  wavelength  the  total  delay  difference  6x  over  a distance  L is 


6t  = ~Sk 
dk 


(3-15  a) 


In  terms  of  the  angular  frequency  to,  this  is  written  us 


fix  = 


(3-15  b) 


The  factor  ft  ■ d'ft/du ? is  the  GVD  parameter,  which  determines  how  much  a 
light  pulse  broadens  as  it  travels  along  an  optical  fiber  (see  App  F). 

If  the  spectral  width  3A  of  an  optical  source  is  characterized  by  its  rms  vuluc 
(sec  Fig.  4-12),  then  the  pulse  spreading  can  be  approximated  by  the  rms  pulse 
width. 


dxt 

_ Utk 

dk 

ok 

2jx c 

2 + 
dk  dk'- 


(3-16) 


The  factor 


\_dig  _ d_ 

L dk  ~ dk 


(3-17) 


is  designated  as  the  dispersion  It  defines  the  pulse  spread  as  a function  of  wave- 
length and  is  measured  in  picoseconds  per  kilometer  per  nunometer  [ps- 
Inm  km)].  It  is  a result  of  material  and  waveguide  dispersion.  In  many  theoretical 
treatments  of  mtramodal  dispersion  it  is  assumed,  for  simplicity,  that  mutcrial 
dispersion  and  waveguide  dispersion  can  be  calculated  separately  and  then  added 
to  give  the  total  dispersion  of  the  mode  In  reality,  these  two  mechanisms  arc 
intricately  related,  since  the  dispersive  properties  of  the  refractive  index  (which 
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gives  rise  to  material  dispersion)  also  effects  the  waveguide  dispersion.  However, 
an  examination35  of  the  interdependence  of  material  and  waveguide  dispersion 
has  shown  that,  unless  a very  precise  value  is  desired,  a good  estimate  of  the  total 
intramodal  dispersion  can  be  obtained  by  calculating  the  effect  of  signal  distor- 
tion arising  from  one  type  of  dispersion  in  the  absence  of  the  other.  Thus,  to  a 
very  good  approximation.  D can  be  written  as  the  sum  of  the  material  dispersion 
Dt mi  and  the  waveguide  dispersion  Dwt.  Material  dispersion  and  waveguide  dis- 
persion arc  therefore  considered  separately  in  the  next  two  sections 


3.2.3  Material  Dispersion 

Material  dispersion  occurs  because  the  index  of  refraction  varies  as  a function  of 
the  optical  wavelength.  This  is  exemplified  in  Fig.  3-12  for  silica.36  As  a conse- 
quence. since  the  group  velocity  V„  of  a mode  is  a function  of  the  index  of 
refraction,  the  various  spectral  components  of  a given  mode  will  travel  at  different 
speeds,  depending  on  the  wavelength.31  Material  dispersion  is.  therefore,  an  intra- 
modal dispersion  effect,  and  is  of  particular  importance  for  single-mode  wave- 
guides and  for  LED  system  (since  an  LED  has  a broader  output  spectrum  than  a 
laser  diode). 


FIGURE  >12 

Variation*  in  the  index  of  refraction  a*  a func- 
tion of  the  optical  wavelength  for  silica  (Repro- 
duced with  permission  from  I H Midi  twin, 
J Opt  Sac  Amrr  . vol  55,  pp  1205-1209,0*1 
1965  > 
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To  calculate  material-induced  dispersion,  we  consider  a plane  wave  propa- 
pting  in  an  infinitely  extended  dielectric  medium  that  has  a refractive  index  n(A) 
equal  to  that  of  the  fiber  core.  The  propagation  constant  ft  is  thus  given  as 


2jt/i(3.) 

*“T~ 


(3-18) 


Substituting  this  expression  for  ft  into  Eq.  (3-13)  with  k 
delay  rm„  resulting  from  material  dispersion: 


2jt/ A yields  the  group 


(3-19) 


Using  Eq  (3-16).  the  pulse  spread  om„,  for  a source  of  spectral  width  Oi  is  found 
by  differentiating  this  group  delay  with  respect  to  wavelength  and  multiplying  by 
ff*  to  yield 


Onul  * 


foul 

akL 

, d2n 

dk 

<Ti  = 

c 

Xd? 

= OxE|A»uu(A.)l 


(3-20) 


where  Z)mil(A)  is  the  material  dispersion. 

A plot  of  the  material  dispersion  for  unit  length  L and  unit  optical  source 
spectral  width  a * is  given  in  fig.  3-13  for  the  silica  material  shown  in  Fig.  3-12. 
From  Eq.  (3-20)  and  Fig.  3-13  it  can  be  seen  that  material  dispersion  can  be 
reduced  either  by  choosing  sources  with  narrower  spectral  output  widths  (reduc- 
ing ak)  or  by  operating  at  longer  wavelengths.  w 


f sample  3-4.  As  an  example,  consider  a typical  GaAlA>  LED  having  a spectral 
width  of  40  nm  at  an  HOO-nm  peak  output  so  that  oifk  = 5 percent  As  can  be 
seen  from  Fig.  3-13  and  Eq  (3-20).  this  produces  a pulse  spread  of  4.4  ns/km 
Note  that  material  dispersion  goes  to  zero  at  1.27/xm  for  pure  silica. 


3.2.4  Waveguide  Dispersion 

The  effect  of  waveguide  dispersion  on  pulse  spreading  can  be  approximated  by 
assuming  that  the  refractive  index  of  the  material  is  independent  of  wavelength. 
Let  us  first  consider  the  group  delay— that  is.  the  time  required  for  u mode  to 
travel  along  a fiber  of  length  L To  make  the  results  independent  of  fiber  config- 
uration,'’ we  shall  express  the  group  delay  in  terms  of  the  normalized  propagation 
constant  h defined  as 


6=1 


fi'-fk2  - rr: 


(3-21) 


For  small  values  of  the  index  difference  A =(nt  -n2)/«i,  Eq.  (3-21)  can  be 
approximated  by 


h % 


fi/k  - n2 
/ii  -n2 


13-22) 


m 
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FIGURE  >13 

Material  dupcruon  i » a function  of  optical  wavelength  for  pure  silica  and  13.5  percent  GeOt/Uft  5 
percent  SiOj  (Reproduced  with  permission  from  J W Fleming.  Lire  iron  Leu.,  vol  14.  pp  326-321 
May  1978.) 

Solving  Eq.  (3*22)  for  /J.  wc  have 

0%n2*(6A  + l)  (3-23) 

With  this  expression  for  and  using  the  assumption  that  »j  is  not  a function  of 
wavelength,  wc  find  that  the  group  delay  rwg  arising  from  waveguide  dispersion  it 

Ldfi  tr  ^ . d(kb)l 

'-=7s=7r,+”,a^rJ  (W<I 

The  modal  propagation  constant  is  obtained  from  the  eigenvalue  equation 
expressed  by  Eq.  (2-54).  and  is  generally  given  in  terms  of  the  normalized  fre- 
quency V defined  by  Eq.  (2-57).  Wc  shall  therefore  use  the  approximation 

V = ka(n\  - «^),/5  = kan2VlA 

which  is  valid  for  small  values  of  A.  to  write  the  group  delay  in  Eq  (3-24)  in  temu 
of  V instead  of  k,  yielding 
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(3-25) 

The  first  term  in  Eq.  (3-25)  is  a constant  and  the  second  term  represents  the 
group  delay  arising  from  waveguide  dispersion.  The  factor  </(  Vb)/dV  can  be 
expressed  as’7 


d{Vb)  r 2Jl(ua)  1 

d\'  [ J^iuaV^iua)} 

where  u is  defined  by  Eq.  (2-48)  and  a is  the  fiber  radius.  This  factor  is  plotted  in 
Fig.  3-14  as  a function  of  V for  various  LP  modes.  The  plots  show  that,  for  a fixed 
value  of  V,  the  group  delay  is  different  for  every  guided  mode.  When  a light  pulse 
is  launched  into  a fiber,  it  is  distributed  among  many  guided  modes.  These  various 
modes  arrive  at  the  fiber  end  at  different  times  depending  on  their  group  delay,  so 
that  a pulse  spreading  results.  For  multimode  fibers  the  waveguide  dispersion  is 
generally  very  small  compared  with  material  dispersion  and  can  therefore  be 
neglected. 


FIGURE  3-14 

The  group  delay  anting  from  waveguide  ditpersion  at  a function  of  the  V number  for  a iicp-indci 
optical  fiber  The  curve  numben  jm  designate  the  LJ%  mode*  ( Reproduced  with  pcrmittion  from 
Gloge”) 
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3.2.5  Signal  Distortion  in  Single-Mode  l ibers 

For  single-mode  fibers,  waveguide  dispersion  is  of  importance  and  can  be  of  the 
same  order  of  magnitude  as  material  dispersion.  To  see  this,  let  us  compare  the 
two  dispersion  factors.  The  pulse  spread  o„,  occurring  over  a distribution  of 
wavelengths  «rA  is  obtained  from  the  derivative  of  the  group  delay  with  respect 
to  wavelength:1' 


* 


</t, 


** 


dk 


Oi  = (A)|<yA 


dUy 

dk 


njLtsok  t,dHVl >) 

a I SB : V - 


ck 


dV 2 


(3-26) 


where  DWV(A)  is  the  waveguide  dispersion. 

To  sec  the  behavior  of  the  waveguide  dispersion,  consider  the  expression  of 
the  factor  ua  for  the  lowest-order  mode  (i.e.,  the  HEn  mode  or.  equivalently,  the 
l.Pi)i  mode)  in  the  normalized  propagation  constant.  This  can  be  approximated 

by17 


(l  + x/2)P 
i + C4  + r4)1 4 


(3-27o) 


Substituting  this  into  Eq.  (3-21)  yields,  for  the  HEn  mode. 


W)=  I - 


__UW 2? 

(I  -f  (4+ 


(3-276) 


Figure  3-15  shows  plots  of  this  expression  for  b and  its  derivatives  d(Vb)fdV  and 
V </2(  Vb)(dVz  as  functions  of  V. 


I \ ample  3-5.  From  Eq.  (3-26)  we  have  that  the  waveguide  dispersion  is 


0»f(A) 


*3  A I r <F(t'6)l 

t it  dv1  \ 


Let  «:  = 1.48  and  A = 0.2  percent.  At  V = 2.4,  from  Fig.  3-15  the  expression  in 
square  brackets  is  0.26.  Choosing  A = 1320  nm.  we  then  have  Z)W|(A)  = -19  p si 
(Dm  km). 


Figure  3-16  gives  examples  of  the  magnitudes  of  material  and  waveguide  disper- 
sion for  a fused-silica-core  single-mode  fiber  having  V = 2.4.  Comparing  the 
waveguide  dispersion  with  the  matenul  dispersion,  we  see  that  for  a standard 
non-dispersion-shifted  fiber,  waveguide  dispersion  is  important  around  1320 
nm.  At  this  point,  the  two  dispersion  factors  cancel  to  give  a zero  total  dispersion 
However,  material  dispersion  dominates  waveguide  dispersion  at  shorter  and 
longer  wavelengths;  for  example,  at  900  nm  and  1 550  nm.  This  figure  used  the 
approximation  that  material  and  waveguide  dispersions  are  additive. 
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The  waveguide  parameter  b and  tti  derivatives  diVb\/JV  and  V plotted  m a function  of 

the  I'  number  for  the  HEn  mode 


3.2.6  Polarization-Mode  Dispersion 

The  effects  of  fiber  birefringence  on  the  polarization  states  of  an  optical  signal  are 
another  source  of  pulse  broadening.  This  is  particularly  critical  for  high-rate  long- 
haul  transmission  links  (c.g.,  10  Gb/s  over  tens  of  kilometers)  that  are  designed  to 
operate  near  the  zero-dispersion  wavelength  of  the  fiber.  Birefringence  can  result 
from  intrinsic  factors  such  as  geometric  irregularities  of  the  fiber  core  or  internal 
stresses  on  it.  Deviations  of  less  than  I percent  in  the  circularity  of  the  core  can 
already  have  a noticeable  effect  in  a high-speed  lightwave  system.  In  addition, 
external  factors,  such  as  bending,  twisting,  or  pinching  of  the  fiber,  can  also  lead 
lo  birefringence.  Since  all  these  mechanisms  exist  to  some  extent  in  any  field- 
installed  fiber,  there  will  be  a varying  birefringence  along  its  length. 


KICl  RE  3-16 

Eaamplev  of  I he  magnitude* 
of  material  and  waveguide 
dispersion  as  a f unction  of  opt  i • 
cal  wavelength  for  a single  - 
modc  fiued-silica-core  liber 
(Reproduced  with  permission 
from  Keck.1*  Cl  l<W5. 1EEE.I 
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A fundamental  property  of  an  optical  signal  is  its  polarization  state 
Polarization  refers  to  the  electric-field  orientation  of  a light  signal,  which  can 
vary  significantly  along  the  length  of  a fiber.  As  shown  in  Fig.  3-17,  signal  energy 
at  a given  wavelength  occupies  two  orthogonal  polarization  modes.  A varying 
birefringence  along  its  length  will  cause  each  polarization  mode  to  travel  at  a 
slightly  different  velocity  and  the  polarization  orientation  will  rotate  with  dis- 
tance The  resulting  difference  in  propagation  times  At  between  the  two  ortho- 
gonal polarization  modes  will  result  in  pulse  spreading.  This  is  the  polarization- 
mode  dispersion  (PMD).mw  If  the  group  velocities  of  the  two  orthogonal  polar- 
ization modes  are  v,x  and  vn,  then  the  differential  time  delay  Ar^  between  the 
two  polarization  components  during  propagation  of  the  pulse  over  a distance  L i» 


(3-28) 


An  important  point  to  note  is  that,  in  contrast  to  chromatic  dispersion,  which  is  a 
relatively  stable  phenomenon  along  a fiber.  PMD  vanes  randomly  along  a fiber 
A principal  reason  for  this  is  that  the  perturbations  causing  the  birefringence 
effects  vary  with  temperature.  In  practice,  this  shows  up  as  a random,  time-vary- 
ing fluctuation  in  the  value  of  the  PMD  at  the  fiber  output.  Thus,  Ar^i  given  in 
Eq.  (3-28)  cannot  be  used  directly  to  estimate  PMD.  Instead,  statistical  predic- 
tions are  needed  to  account  for  its  efTects. 

A useful  means  of  characterizing  PMD  for  long  fiber  lengths  is  in  terms  of 
the  mean  value  of  the  differential  group  delay  (sec  Chap.  13  for  PMD  measure- 
ment techniques).  This  can  be  calculated  according  to  the  relationship 

(Arpoj)  as  Dpmdv^X  (3-29) 


net  rk  3-17 

Variation  in  the  polarization  sum  of  an  optical  put*  u ii  panes  through  a fiber  with  varying 
birefringence  along  ill  length. 
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where  Dpmd-  which  is  measured  in  ps/>/km,  is  the  average  PDM  parameter. 
Typical  values  of  />pmd  range  from  0.1  to  1.0  ps/>/km.  As  an  example,  one 
experiment  measured  values  of  PMD  for  three  different  types  of  cable  installa- 
tions that  were  subjected  to  different  environments.*0  The  setups  were  a 36-km 
spooled  fiber  in  a temperature-controlled  chamber,  a 48.8-km  buried  cable,  and  a 
48-km  aenal  cable.  Over  a 12-  to  15-h  period,  the  average  PMD  parameters  were 
measured  as  0.028.  0.29,  and  1.28  ps/\/km,  respectively.  The  larger  value  of  PMD 
for  the  aerial  cable  is  caused  by  sudden  changes  in  temperature  or  because  of 
movement  of  the  fiber  due  to  wind.  In  contrast  to  the  instantaneous  value  Arpoi, 
which  varies  over  time  and  type  of  source,  the  mean  value  does  not  change  from 
day  to  day  or  from  source  to  source. 

3.2.7  Intcrmodal  Distortion 

The  final  factor  giving  nse  to  signal  degradation  is  intermodal  distortion,  which 
is  a result  of  different  values  of  the  group  delay  for  each  individual  mode  at  a 
single  frequency.  To  sec  this  pictonally,  consider  the  mcndional  ray  picture 
given  for  the  step-index  fiber  in  Fig.  2-12.  The  steeper  the  angle  of  propagation 
of  the  ray  congruence,  the  higher  is  the  mode  number  and.  consequently,  the 
slower  the  axial  group  velocity.  Tins  variation  in  the  group  velocities  of  the 
different  modes  results  in  a group  delay  spread  of  intcrmodal  distortion  This 
distortion  mechanism  is  eliminated  by  single-mode  operation,  but  is  important 
in  multimode  fibers.  The  maximum  pulse  broadening  arising  from  intermodal 
distortion  is  the  difference  between  the  travel  time  7'^,  of  the  longest  ray 
congruence  paths  (the  highest-order  mode)  and  the  travel  time  Tmin  of  the 
shortest  ray  congruence  paths  (the  fundamental  mode).  This  is  simply  obtained 
from  ray  tracing  and  is  given  by 

ST"*  = Tmu  - 7™  = (3-30) 

Note  that  this  simple  derivation  considers  only  pulse  broadening  owing  to  mer- 
idional rays  and  docs  not  take  into  account  skew  rays. 

3.3  PULSE  BROADENING  IN  GRADED- 
INDEX  W AVEGUIDES* 

The  analysis  of  pulse  broadening  in  graded-index  waveguides  is  more  involved 
owing  to  the  radial  variation  in  core  refractive  index  The  feature  of  this  grading 
of  the  refractive-index  profile  is  that  it  offers  multimode  propagation  in  a rela- 
Uvely  large  core  together  with  the  possibility  of  very  low  intcrmodal  delay  distor- 
tion. This  combination  allows  the  transmission  of  high  data  rates  over  long 
distances  while  still  maintaining  a reasonable  degree  of  light  launching  and  cou- 
pling ease.  The  reason  for  this  low  intermodal  distortion  can  be  seen  by  examining 
the  light  ray  congruence  propagation  paths  shown  in  Fig.  2-10  Since  the  index  of 
refraction  is  lower  at  the  outer  edges  of  the  core,  light  rays  will  travel  faster  in  this 
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region  than  in  the  center  of  the  core  where  the  refractive  index  is  higher  This  can 
be  seen  from  the  fundamental  relationship  n = c/n.  where  v is  the  speed  of  light  m 
a medium  of  refractive  index  n.  Thus,  the  ray  congruence  characterizing  the 
higher-order  mode  will  tend  to  travel  further  than  the  fundamental  ray  congru- 
ence. but  at  a faster  rate.  The  higher-order  mode  will  thereby  tend  to  keep  up  with 
the  lower-order  mode,  which,  in  turn,  reduces  the  spread  in  the  modal  delay. 

The  rool-mean-square  (rms)  pulse  broadening  a in  a graded-index  fiber  can 
be  obtained  from  the  sum41 


a = (3*31) 

where  flm«rmod*i  is  the  rms  pulse  width  resulting  from  mtermoda!  delay  distortion 
and  Ointramodmi  •*  the  rms  pulse  width  resulting  from  pulse  broadening  within  each 
mode.  To  find  the  intermodal  delay  distortion,  we  use  the  relationship  connecting 
mtcrmodal  delay  to  pulse  broadening  derived  by  Personick.41 


flBiteraKJ«UI  — ((^f ) (**)  ) (3*32) 

where  the  group  delay  rf  of  u mode  as  given  by  Eq.  (3-13)  in  general  depends  on 
the  order  (v.  m)  of  the  mode,  as  described  in  Sec  2.4.5.  since  the  parameter 
denotes  the  roots  of  the  modal  equation  given  by  Eq.  (2-54).  That  is.  in  general. 


rt(v.  m)  _ 1 3/U 
L c <U 

The  quantities  (r^)  and  (r*)  are  then  defined  as  the  averages  of  rj  and  rf.  respec- 
tively. over  the  mode  distribution,  that  is 


<i>  = L 


m) 

M 


(3-33a) 


and 


(3-33/>) 


where  Pim  is  the  optical  power  contained  in  the  mode  of  order  (v.  m)  and  M is  the 
number  of  fiber  modes.  For  simplicity  of  notation,  we  will  omit  the  subscripts  v 
and  m,  since  we  will  later  assume  that  all  modes  are  excited  equally 
The  group  delay 


Lap 

T‘~  c 3k 


(3-34 «) 


is  the  time  it  takes  energy  in  a mode  having  a propagation  constant  fl  to  travel  a 
distance  L.  To  evaluate  rf  we  use  the  following  expression43  for  p: 


T /« 4-  7 1,/J 


(3-34A) 
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or.  equivalently. 

/!  = *»,[  I-24(S) 


where  m is  the  number  of  guided  modes  having  propagation  constants  between 
n,i  and  fi.  and  M is  the  total  number  of  possible  guided  modes  given  by  Eq. 
(2-81)  Substituting  Eq.  (3-346)  into  Eq.  (3- 34a),  keeping  in  mind  that  nt  and  A 
also  depend  on  k.  we  obtain 


Lknx\  4 A mkaAVl 

*"rrr'"i+iw)  r,+s»jj 

ayuArp'ttol 

c fi  L or + 2 \M'  J 

where  we  have  used  Eq.  (2-81)  for  M and  have  defined  the  quantities 


(3-35) 


N\  = H,  +*  — 
2 

(_]V|A  a* 


(3-36o) 

(3-366) 


As  we  noted  in  Eq.  (2-46).  guided  modes  only  exist  for  values  of  fi  lying  between 
kt>i  and  fcit|.  Since  differs  very  little  from  rti,  that  is. 

«:  = «i(l  - A) 

where  A < 1 is  the  core-cladding  index  difference,  it  follows  that  fi  ~ n\k  Thus, 
wc  can  use  the  relationship 


> = a(-)  «l  (3-37) 

m order  to  expand  Eq  (3-35)  in  a power  series  in  y.  Using  the  approximation 

^p  = (l  -2y)“,/J=:  I +y  + ^-  (3-38) 

then  Eq.  (3-35)  becomes 


N\L  f , o-2-<  /m\ 
+ 3a  — 2 - 2f  ^3( 


2(a  + 2) 


w 


+0(  A 


*•] 


(3-39) 


Equation  (3-39)  shows  that  to  first  order  in  A.  the  group  delay  difference 
between  the  modes  is  /.cro  if 


a = 2 + ( 


(3-40) 
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Since  f is  generally  small,  this  indicates  that  minimum  tntcrmodal  distortion  will 
result  from  core  refraclivc-indcx  profiles  which  are  nearly  parabolic:  that  is. 

oi  — 2. 

If  we  assume  that  all  modes  arc  equally  excited  (Le.,  P = P for  all  modes), 
and  if  the  number  of  fiber  modes  is  assumed  to  be  large,  then  the  summation  in 
Eqs.  (3-33)  can  be  replaced  by  an  integral.  Using  these  assumptions.  Eq.  (3-39) 
can  be  substituted  into  Eq.  (3-32)  to  yield42 


^intermodiii 


LNiA  a (a  + 2\l/3 
2c  a + I (,3a  + 2/ 

H 4c,  c;(a  + l)A  \6A24{a+\)2-]'/: 
* L ' 2a  4-  I (5a  + 2X3a  + 2)J 


(3-41) 


where  we  have  used  the  abbreviations 


C|  = 


a — 2 — « 
a + 2 


3a  - 2 - 2f 
CJ“  2(a  + 2) 


(3-42) 


To  find  the  intramodal  pulse  broadening,  we  use  Ihe  definition42 


* — -(xJ'frS)*)  <M5) 

where  ak  is  the  rms  spectral  width  of  the  optical  source.  Equation  (3-39)  can  be 
used  to  evaluate  k dr,/dk.  If  we  neglect  all  terms  of  second  and  higher  order  in  A. 
we  obtain 


drt  L jd2H|  N\LAa~  2-«  2a  /m\«/<*+2) 
k dk  ~ "c  ~T~  a + 2 a + 2 \M  / 


(3-44) 


Here,  we  have  kept  only  the  largest  terms;  that  is,  terms  involving  factors  such  as 
dA/dk  and  Adnjdk  are  negligibly  small.  Both  terms  in  Eq.  (3-44)  contribute  to 
kdit/dk  for  large  values  of  a,  since  k2d1n\/dk2  and  A are  the  same  order  of 
magnitude  However,  the  second  term  in  Eq.  (3-44)  is  small  compared  with  the 
first  term  when  a is  clow  to  2. 

To  evaluate  rrm,ramuda|  we  ugain  assume  that  ull  modes  are  equally  excited 
and  that  the  summation  in  Eqs.  (3-33)  can  be  replaced  by  un  integral.  Thus, 
substituting  Eq.  (3-44)  into  Eq.  (3-43)  wc  have42 


1/2 


(3-45) 
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Olshansky  and  Keck*2*  have  evaluated  a as  a function  of  a at  A.  = 900  nm 
for  a titania-doped  silica  fiber  having  a numerical  aperture  of  0.16.  This  is  shown 
in  Fig.  3-18.  Here  the  uncorrtcted  curve  assumes  t = 0 and  includes  pnly  inter- 
modal  dispersion  (no  material  dispersion).  The  inclusion  of  the  effect  of  < shifts 
the  curve  to  higher  values  of  a.  The  effect  of  the  spectral  width  of  the  optical 
source  on  the  rms  pulse  width  is  clearly  demonstrated  in  Fig.  3-18.  The  light 
sources  shown  are  an  LED,  an  injection  laser  diode,  and  a distributed-feedback 
laser  having  rms  spectral  widths  of  15,  1,  and  0.2  nm.  respectively.  The  data 
transmission  capacities  of  these  sources  are  approximately  0.13,  2.  and 
10(Gb  km)/s.  respectively. 

The  value  of  a which  minimizes  pulse  distortion  depends  strongly  on  wave- 
length To  see  this,  let  us  examine  the  structure  of  u graded -index  fiber.  A simple 
model  of  this  structure  is  to  consider  the  core  to  be  composed  of  concentric 
cylindrical  layers  of  gloss,  each  of  which  has  a different  material  composition. 
For  each  layer,  the  refractive  index  has  a different  variation  with  wavelength  k. 
since  the  glass  composition  is  different  in  each  layer.  Consequently,  a fiber  with  a 
given  index  profile  a will  exhibit  different  pulse  spreading  according  to  the  source 
wavelength  used.  This  is  generally  called  profile  dispersion.  An  example  of  this  is 
given  in  Fig.  3-19  for  a UcOj-SiOj  fiber.*'  This  shows  that  the  optimum  value  of 
cr  decreases  with  increasing  wavelength.  Suppose  one  wishes  to  transmit  at  900 
nm.  A fiber  having  an  optimum  profile  crop<  at  900  nm  should  exhibit  a sharp 


net  re  .VI8 

Calculated  nni  pulse  spreading  in  a 
graded -index  fiber  versus  the  index 
parameter  u at  V00  nm  The  uncor- 
rtcted pulse  curve  is  for  • •=  0 and 
assumes  mode  dispersion  only  The 
other  curves  include  malerial  dis- 
persion for  an  Lit IJ.  an  injection 
laser  diode,  and  a distnbulcd-fecd- 
back  laser  having  spectral  widlhs 
of  15.  1,  and  0.2  nm.  respectively 
(Reproduced  with  permission  from 
Olshansky  and  Keek  .«*•) 
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FIGURE  3-19 

Profile  dispersion  effect  on  the  opto- 
mum  value  of  or  aa  a function  of 
wavelength  for  a CkO.-  SiO;  graded 
indei  fiber  (Reproduced  with  pn 
mission  from  Cohen,  Kamimm. 
Aslle.  and  Slulz.45  r 197*.  Ilf  I l 


bandwidth  peak  at  that  wavelength.  Fiber*  with  undercompensated  profiles,  char- 
acterized by  a > o„p,  (900  nm),  tend  to  have  a peak  bandwidth  at  a shorter 
wavelength  On  the  other  hand,  overcompcnsated  fibers  which  have  an  index 
profile  a < o„p,  (900  nm)  become  optimal  at  a longer  wavelength. 

If  the  effect  of  material  dispersion  is  ignored  (i.e.,  dn\/dk  = 0).  an  expres- 
sion for  the  optimum  index  profile  can  be  found  from  the  minimum  of  F.q.  (Ml) 
as  a function  of  a.  This  occurs  at42 


aopt  = 2 + f — 


A 


(4  + *H3+Q 
5 + 2* 


If  wc  take  ( = 0 and  dnx/dX  = 0.  then  Eq.  (3-41)  reduces  to 

nxAiL 
aop‘  ~ 20v/5c 


(3-46) 


(3-17) 


Tiffs  can  be  compared  with  the  dispersion  in  a step-index  fiber  by  setting  a = oc 
and  f = 0 in  Eq.  (3-41),  yielding 


°»lrp  = 


ntAZ-  I 
c 2-s/3 


(l  + 3A  + 


UaV'*  nx6L 

5 ) “2>/3 c 


(3-48) 


Thus,  under  the  assumptions  made  in  Eqs.  (3-47)  and  (3-48). 

ffopi  A 


(3-49) 


Hence,  since  typical  values  of  A are  0.01,  Eq.  (3-49)  indicates  that  the  capacity  of 
a gnided-index  fiber  is  about  three  orders  of  magnitude  larger  than  that  of  a step- 
index  fiber.  For  A = I percent,  the  rms  pulse  spreading  in  a step-index  fiber  is 
about  14  ns/km.  whereas  that  for  a gruded-index  fiber  is  calculated  to  be  0.014  nv 
km.  In  practice,  these  values  are  greater  because  of  manufacturing  difficulties  For 
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example,  although  theory  predicts  a bandwidth  of  about  8GH/  km.  it  has  been 
thown  that,  in  practice,  very  slight  deviations  of  the  refractive-index  profile  from 
iu  optimum  shape,  owing  to  unavoidable  manufacturing  tolerances,  can  decrease 
the  fiber  bandwidth  dramatically.  This  is  illustrated  in  Fig.  3-20  for  fibers  with 
A=  I,  1.3,  and  2 percent.  A change  in  ur  of  a few  percent  can  decrease  the 
bandwidth  by  an  order  of  magnitude. 

3.4  MODE  COUPLING* 

In  real  systems,  pulse  distortion  will  increase  less  rapidly  after  a certain  initial 
length  of  fiber  because  of  mode  coupling  and  differential  mode  loss4V46  In  this 
initial  length  of  fiber,  coupling  of  energy  from  one  mode  to  another  arises  because 
of  structural  imperfections,  fiber  diameter  and  refractive- index  variations,  and 
cabling-induced  micrabcnds.  The  mode  coupling  tends  to  average  out  the  propa- 
gation delays  associated  with  the  modes,  thereby  reducing  intcrmodal  dispersion. 
Associated  with  this  coupling  is  an  additional  loss,  which  is  designated  by  h and 
which  has  units  of  dB/km.  The  result  of  this  phenomenon  is  thnt,  after  a certain 
coupling  length  I*,  the  pulse  distortion  will  change  from  an  /.  dependence  to  a 
(LX)I/J  dependence 

The  improvement  in  pulse  spreading  caused  by  mode  coupling  over  the 
distance  Z < L,  is  related  to  the  excess  loss  hZ  incurred  over  this  dislunce  by 
the  equation 


Here,  C is  a coastanl.  <r0  is  the  pulse  width  increase  in  the  absence  of  mode 
coupling,  or  is  the  pulse  broadening  in  the  presence  of  strong  mode  coupling, 
and  hZ  is  the  excess  attenuation  resulting  from  mode  coupling  The  constant  C in 
Eq  (3-50)  is  independent  of  ull  dimensional  quantities  and  refractive  indices  It 
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Mode-coupling  elTecU  on  pulse  dis- 
tortion in  long  fibers  for  various 
coupling  losses 


depends  only  on  the  fiber  profile  shape,  the  mode-coupling  strength,  and  the 
modal  attenuations. 

I he  effect  of  mode  coupling  on  pulse  distortion  can  be  significant  for  long 
fibers,  as  is  shown  in  Fig.  3-21  for  various  coupling  losses  in  a graded -index  fiber. 
The  parameters  of  this  fiber  are  A = I percent,  a = 4.  and  C = 1.1.  The  coupling 
loss  h must  be  determined  experimentally,  since  a calculation  would  require  a 
detailed  knowledge  of  the  mode  coupling  introduced  by  the  various  waveguide 
perturbations.  Measurements  of  bandwidth  as  a function  of  distance  have  pro- 
duced values  of  L<  ranging  from  about  100  to  550  m. 

An  important  point  to  note  is  that  extensive  mode  coupling  and  power 
distribution  can  occur  at  connectors,  splices,  and  other  passive  components  in 
an  optical  link;  this  can  have  a significant  effect  on  the  overall  system 
bandwidth.47*4’ 


3.5  DESIGN  OPTIMIZATION  OF  SINGLE- 
MODE FIBERS 

Since  telecommunication  companies  use  single-mode  fibers  as  the  principal  opti- 
cal transmission  medium  in  their  networks,  and  because  of  the  importance  of 
single-mode  fibers  in  microwavc-specd  localized  applications,'0  this  section 
addresses  their  basic  design  and  operational  properties.  Some  of  the  attributes 
of  single-mode  fibers  include  a long  expected  installation  lifetime,  very  ten* 
attenuation,  high-quality  signal  transfer  because  of  the  absence  of  modal  none, 
and  the  largest  available  bandwidth-distance  product.  Here,  we  shall  examine 
design-optimization  characteristics,  cutoff  wavelength,  dispersion,  mode-field  dia- 
meter, and  bending  loss. 
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3i.l  Refractive-Index  Profiles 

In  the  design  of  single-mode  fibers,  dispersion  behavior  is  a major  distinguishing 
feature,  since  this  is  what  limits  long-distance  and  very  high-speed  transmission. 
Comparing  Figs.  3-3  and  3-16,  we  see  that  whereas  the  dispersion  of  a single- 
mode  silica  fiber  is  lowest  at  1 300  nm,  its  attenuation  is  a minimum  at  1 550  nm, 
where  the  dispersion  is  higher  Ideally,  for  achieving  a maximum  transmission 
distance  of  a high-capacity  link,  the  dispersion  null  should  be  at  the  wavelength  of 
minimum  attenuation  To  achieve  this,  one  can  adjust  the  basic  fiber  parameters 
to  shift  the  zero-dispersion  minimum  to  longer  wavelengths 

The  basic  material  dispersion  is  hard  to  alter  significantly,  but  it  is  possible 
to  modify  the  waveguide  dispersion  by  changing  from  a simple  step-index  core 
profile  design  to  more  complicated  index  profiles.,,-5,*s7  Researchers  have  thus 
examined  a variety  of  core  and  cladding  refractive-index  configurations  for  alter- 
ing the  behavior  of  single-mode  fibers  Figure  3-22  shows  representative  refrac- 
bvc-indcx  profiles  of  the  four  mam  categories:  1 300-nm-optimized  fibers, 
dispersion-shifted  fibers,  dispersion-flattened  fibers,  and  large-cffcctive-core- 
area  fibers  To  get  a better  feeling  of  their  geometry.  Fig.  3-23  shows  the  three- 
dimensional  index  profiles  for  several  different  types  of  single-mode  fibers. 

The  most  popular  single-mode  fibers  used  in  telecommunication  networks 
are  near-step-index  fibers,  which  are  dispersion-optimized  for  operation  at  1 300 
nm  These  1 300-nm-opnmi:ed  single- mod f fibers  are  of  cither  the  matched- 
cladding'**1'*'-  or  the  depressed-cladding™  **  design,  as  shown  in  Figs.  3-22a, 
303a  and  3-236.  Matched-cladding  fibers  have  a uniform  refractive  index 
throughout  the  cladding.  Typical  mode-field  diameters  are  9.5  pm  and  core-to- 
cladding  index  differences  ore  around  0.37  percent  In  depressed-cladding  fibers 
the  cladding  portion  next  to  (he  core  has  a lower  index  than  the  outer  cladding 
region  Mode-field  diameters  are  around  9 pm,  and  typical  positive  and  negative 
index  differences  are  0.25  and  0.12  percent,  respectively. 

As  we  saw  from  Eqs.  (3-20)  and  (3-26),  whereas  material  dispersion  depends 
only  on  the  composition  of  the  material,  waveguide  dispersion  is  a function  of  the 
core  radius,  the  refractive-index  difference,  and  (he  shape  of  the  refractive-indcx 
profile  Thus,  the  waveguide  dispersion  can  vary  dramatically  with  the  fiber 
design  parameters.  By  creating  a fiber  with  a larger  negative  waveguide  dispersion 
and  assuming  the  same  values  for  matenal  dispersion  as  in  a standard  single-mode 
fiber,  the  addition  of  waveguide  and  material  dispersion  can  then  shift  the  zero- 
dispersion  point  to  longer  wavelengths  The  resulting  optical  fibers  are  known  as 
dispersion-shifted  fibers.*1-**'*  Examples  of  refractivc-indcx  profiles  for  disper- 
sion-shifted  fibers  are  shown  m Figs.  3-226  and  3-23c.  A typical  waveguide  dis- 
persion curve  for  this  type  of  fiber  is  depicted  in  Fig.  3-24 a.  The  resultant  total 
dispersion  curve  is  shown  in  Fig.  3-246  for  fibers  with  a zero-dispersion  wuve- 
length  at  1550  nm. 

An  alternative  is  to  reduce  fiber  dispersion  by  spreading  the  dispersion 
minimum  out  over  u wider  range.  This  approach  is  known  as  dispersion 
flattening  **M  Dispersion-flattened  fibers  are  more  complex  to  design  than  dis- 
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FIGURE  J-23 

Three-dimensional  refractive  in- 
dex profile*  for  («i)  matched- 
cladding  I Wl-nm-opUmi/ed.  (h) 
deprcued-ctaddlng  I .WO-am-opd- 
rm/cd.  lc>  triangular  dispersion- 
* lulled,  and  (d)  quadruple-clad 
dixpcraon-flatlened  single- minlc 
fiber*  |lui  and  (<)  courtesy  of 
Corning.  Inc.;  (h)  courtesy  of 
York  Technology,  id)  rrpnxluoed 
with  permission  from  H.  Lydtin. 
J.  Ijxhfn uvr  Trvh.,  vol  LT-4.  pp 
IOJA 1038.  Aug  IW.  i 1986. 
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persion-xhiflcd  fibers,  because  dispersion  must  be  considered  over  u much  broader 
range  of  wavelengths.  However,  they  offer  desirable  characteristics  over  a wide 
span  of  wavelengths.  Figures  3-22r  and  3-23 d show  typical  cross-sectional  and 
three-dimensional  refractive-index  profiles,  respectively  A typical  waveguide  dis- 
persion curve  for  this  type  of  fiber  is  depicted  in  Fig.  3-24u  Figure  3-24A  gives  the 
resultant  total  dispersion-flattened  characteristic. 

The  advent  of  optical  fiber  amplifiers  for  operation  in  the  1550-nm  region 
(see  Chap.  1 1 ) and  the  accompanying  demand  for  long-distance  high-capacity 
links  led  to  the  development  of  a single-mode  optical  fiber  with  a larger  effective 
core  area*1*64  The  impetus  Tor  larger  core  areas  is  the  need  to  reduce  the  effects  of 
fiber  nonlinearities,  which  limit  system  capacities,  as  is  detailed  in  Chap  12 
Figure  3-22d  gives  two  examples  of  the  index  profile  for  these  large-cffcctivc- 
arca  (LF.A)  fibers.  Whereas  standard  single-mode  fibers  have  effective  core 
areas  of  about  55  /im1,  these  profiles  yield  values  greater  than  100  jam-’ 

3.5.2  Cutoff  Wavelength 

The  cutoff  wavelength  of  the  first  highcr-ordcr  mode  (LPn)  is  an  important 
transmission  parameter  for  single-mode  fibers,  since  it  separates  the  single- 
mode  from  the  multimode  regions.*5**7  As  we  saw  from  Eq.  (2-58),  single-mode 
operation  occurs  above  the  theoretical  cutoff  wavelength  given  by 

= ^pr(«i  -"2)l/3  (3*51) 

with  V = 2.405  for  step-index  fibers.  At  this  wavelength,  only  the  LP0|  mode  (i.c., 
the  HE||  mode)  should  propagate  in  the  fiber 

Since  tn  the  cutoff  region  the  field  of  the  LPn  mode  is  widely  spread  across 
the  fiber  cross  section  (i.c..  it  is  not  tightly  bound  to  the  core),  its  attenuation  is 
strongly  affected  by  fiber  bends,  length,  and  cabling  Recommendation  G.650  of 
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(a)  Typical  waveguide  dispersions  and  the  common  matrrial  dispersion  of  three  different  tingle-mode 
liber  designs;  (fc)  resultant  total  dispersions 
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Ihc  ITU-T66  and  the  EIA-455-80A  Standard67  specify  methods  for  determining  an 
effective  cutoff  wavelength  kc.  The  setup  consists  of  a 2-m  length  of  fiber  that 
contains  a single  14-cm-radius  loop  or  several  14-cm-radius  curvatures  that  add 
up  to  one  complete  loop.  Using  a tunable  light  source  that  has  a full-width  half- 
maximum  linewidth  not  exceeding  10  nm,  light  is  launched  into  the  liber  so  that 
both  the  LPoi  and  the  LPu  modes  are  uniformly  excited. 

First,  the  output  power  Pi  (A.)  is  measured  as  a function  of  wavelength  in  a 
sufficiently  wide  range  around  the  expected  cutoff  wavelength.  Next,  the  output 
power  Pj(A)  is  measured  over  the  same  wavelength  range  when  a loop  of  suffi- 
ciently small  radius  is  included  in  the  test  fiber  to  filter  the  LPu  mode.  A typical 
radius  for  this  loop  is  30  mm.  With  this  method,  the  logarithmic  ratio  R(k) 
between  the  two  transmitted  powers  P|(A)  and  P;(A)  is  calculated  as 

Wi,=  ,01o,[^i5]  (W2' 

Figure  3-25  gives  a typical  curve  of  the  result.  The  effective  cutoff  wavelength  Ar  is 
defined  as  the  largest  wavelength  at  which  the  higher-order  LPu  mode  power 
relative  to  the  fundamental  LPoi  inode  power  is  reduced  to  0.1  dB;  that  is.  when 
R{k)  = 0.1  dB.  as  is  shown  in  Fig.  3-25.  Recommended  values  of  A*,  range  from 
1100  to  1280  nm,  to  avoid  modal  noise  and  dispersion  problems. 

3 Dispersion  C alculations 

As  noted  in  Sec.  3.5.1,  the  total  dispersion  in  single-mode  fibers  consists  mainly  of 
material  and  waveguide  dispersions.  The  resultant  intramodal  or  chromatic  dis- 
persion is  represented  by5*-66-6**70 
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Upical  miemulion-mlK)  vcniu  wavelength  plot  for  determining  cutoff  wavelength  uung  the  bend- 
reference  (or  ungle-mode-rcfcrence)  trammuuon  method.  The  peak  ratio  thould  be  at  lean  2 dB  above 
the  cutoff  level. 
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0<k)  = - (3-53) 

where  r is  the  measured  group  delay  per  unit  length  of  fiber  (thus  the  factor  of  L 
difference  between  this  equation  and  the  expansions  given  in  See.  3.2).  The  dis- 
persion is  commonly  expressed  in  ps  (nm  km)  The  broadening  a of  an  optical 
pulse  over  a fiber  of  length  L is  given  by 

a = D{X)LaK  (3-54) 

where  ax  is  the  half-power  spectral  width  of  the  optical  source.  To  measure  the 
dispersion,  one  examines  the  pulse  delay  over  a desired  wavelength  range 

As  illustrated  in  Fig.  3-24.  the  dispersion  behavior  varies  with  wavelength 
and  also  with  fiber  type.  Thus,  the  EIA  and  the  ITU-T  have  recommended 
different  formulas  to  calculate  the  chromatic  dispersion  for  specific  fiber  tvpa 
operating  in  a given  wavelength  region.  To  calculate  the  dispersion  for  a non- 
dispersion-shifted  fiber  (called  a Class  IVa  fiber  by  the  EIA)  in  the  1270-IO-I340- 
nm  region,  the  standards  recommend  fitting  the  measured  group  delay  per  unit 
length  to  a three-term  Scllmeicr  equation  of  the  form6** 

r = A + HX1  + CX1  (3-55) 

to  the  measured  pulse  data  Here,  .4.  B.  and  C arc  the  curve-filling  parameters 
An  equivalent  expression  is 

(3'S6) 


where  r0  is  the  rclutivc  delay  minimum  at  the  zero-dispersion  wavelength  X„,  and 
5b  is  the  value  of  the  dispersion  slope  S(A)  = dD/dX  at  A«.  which  is  given  in  ps 
(nm*  km)  Using  Eq.  (3-53),  the  dispersion  for  a non-dispersion-shifted  liber  « 


To  calculate  the  dispersion  for  a dispersion-shifted  fiber  (called  a Class  I Vb 
fiber  by  the  EIA)  in  the  1 500-to- 1 600-nm  region,  (he  standards  recommend  using 
the  quadratic  expression. “ 

r = To  + - ko)1  (3-58) 

which  results  in  the  dispersion  expression 

Ott)  = (X  - Xo)S„  (3-59) 

Note  from  App.  F that  the  third-order  dispersion  fl\  can  he  given  as 

iJ 

0,  = — -r|X2S0  + 2XD]  <>-60) 

(2ir<f 

When  measuring  a set  of  fibers,  one  will  get  vnlues  of  Xu  ranging  from  /m  m* 
to  Xn  . Figure  3-26  shows  the  range  of  expected  dispersion  values  for  a <rft  of 
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F.umplc  of  « duperuon  performance  curve  for  a Kt  of  tingle- mode  fiber*  The  two  slightly  curved  linn 
m found  by  solving  E<t  ( 3-57)  So  it  tlte  slope  of  D(k)  ut  tlie  iero -duperuon  wavelength  J.u 


non-dispcrsion-shiftcd  fibers  in  the  1 270-to- 1 340-nm  region.  Typical  values  of  So 
are  0.092  ps/(nmJ  • km)  for  standard  non -dispersion- shilled  fibers,  and  are 
between  0.06  and  0.08  ps/(nm:  km)  for  dispersion-shifted  fibers  Alternatively, 
the  ITU-T  Rcc.  G.652  has  specified  this  as  a maximum  dispersion  of  3.5  p*/ 
Inm  km)  in  the  1 285-to- 1 330-nm  region,  as  denoted  by  the  dashed  lines  in  Fig. 
3-26. 

Figure  3-27  illustrates  the  importance  of  controlling  dispersion  in  single- 
mode  fibers.  As  optical  pulses  travel  down  a fiber,  temporal  broadening 
occurs  because  material  and  waveguide  dispersion  cause  different  wavelengths 
in  the  optical  pulse  to  propagate  with  different  velocities.  Thus,  as  Eq.  (3-54) 
implies,  the  broader  the  spectral  width  ax  of  the  source,  the  greater  the  pulse 
dispersion  will  be.  This  effect  is  clearly  seen  in  Fig  3-27. 
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figure  Vi? 

Example*  of  bandwidth  vrnui  wavelength  for  differ  cm  source  spectral  widths  nt  in  a single- mode  fiber 
having  • dispersion  minimum  at  I J00  nm  (Reproduced  with  permission  from  Reed.  Cohen,  and 
Stung.*  O 1917.  AT&T.) 


3.5.4  Mode- Field  Diameter 

Section  2.5.1  gives  the  definition  of  the  mode-field  diameter  in  single-mode  fiben 
One  uses  the  mode-field  diameter  in  describing  the  functional  properties  of  a 
single-mode  fiber,  since  it  takes  into  account  the  wavelength-dependent  field 
penetration  into  the  cladding.  This  is  shown  in  Fig.  3-28  for  1 300-nm-optimized, 
dispersion-shifted,  and  dispersion-flattened  single-mode  fibers. 

3.5.5  Bending  Loss 

Macrobendmg  and  microbcnding  losses  arc  important  in  the  design  of  single- 
mode  fibers  l*‘w  These  losses  arc  principally  evident  in  the  1550-nm  region, 
and  show  up  as  a rapid  increase  in  attenuation  when  the  fiber  is  bent  smaller 
than  a certain  bend  radius.  The  lower  the  cutoff  wavelength  relative  to  the  oper- 
ating wavelength,  the  more  susceptible  single-mode  fibers  are  to  bending  For 
example,  in  a fiber  which  is  optimized  for  operation  at  1300  nm.  both  the  micro- 
bending  and  macrobending  losses  are  greater  at  1550  mil  that  at  1300  nm  by  a 
factor  of  3 to  5,  as  Fig.  3-29  illustrates.  A fiber  thus  might  be  transmitting  at 
1300nm  but  have  a significant  loss  at  1550  nm. 

The  bending  losses  are  primarily  a function  of  the  mode-field  diameter 
Generally,  the  smaller  the  mode- field  diameter  (i.e.,  the  tighter  the  confinement 
of  the  mode  to  the  core),  the  smaller  the  bending  loss.  This  is  true  for  both 
matched-clad  and  dcpressed-clad  fibers,  as  Fig.  3-30  shows. 
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FIGURE  >M 

Typical  mode-field  dirimelct  vaniitioni  with  wavelength  for  (o)  1 WO-nm-opfiniircd  (/>)  dupervon 
duflcd.  and  (r|  dirpcruon-fUttcncd  single-mode  fibers 


In  examining  the  bending  loss,  early  theories  assume  a simple  model  of  a 
fiber  with  an  infinitely  extending  cladding.  This  results  in  the  prediction  of  a 
unooth  exponential  increase  of  bending  loss  with  increasing  wavelength  or  radius 
of  curvature.  In  an  actual  fiber,  oscillations  in  the  bend  loss  versus  both  the 
wavelength  and  bending  radius  are  observed.  These  oscillations  can  be  attributed 
to  coherent  coupling  between  the  field  propagating  in  the  core  and  the  fraction  of 
the  radiated  field  that  is  reflected  at  the  boundary  between  the  cladding  and  the 


FIGURE  3-29 

Rtprnrnliitivc  incrcatci  in  iinglc-modc  fiber  alien  lution  owing  to  microbrnding  and  m aerobe  ruling 
dial*  (Reproduced  with  pcrmiiMnn  from  Ksluh  and  Cohen.”  I 19X7,  ATAT  I 
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K!GI  'RE  3-30 

C alculated  met  ca  se  m attenuation  at  1310  nm  from  rnicrobmdmg  and  macr  abending  effect*  u > 
function  of  mode- field  du meter  for  (a)  depremed -cladding  single-mode  fiber  IK  m 2.5  U)  nod  |6) 
matched -cladding  single-mode  fiber  ( V = 2.373).  The  microbcndmg  calculation*  assume  a correlation 
length  L,  (microbending  repetition  rate)  of  300  nm  and  a 2-nm  deformation  amplitude.  I Reproduced 
with  permission  from  Knlish  and  Cohen.51  1987.  AT&T.) 


fiher-coaling  material.  Figure  3-31  gives  an  example  of  calculated  bend  loss  asu 
function  of  bend  radius  at  a 1300-nm  wavelength.  The  fiber  parameters  were  con 
radius  a = 3.6/im.  cladding  radius  b = 60/xm.  (/ij  - njl/nj  = 3.56  x IQ'5  and 
(nj  - = 0.07.  where  nt,  n*.  and  rtj  are  the  core,  cladding,  and  coating 

indices  of  refraction,  respectively. 


FIGURE  3-31 

Calculated  bend  low  as  a func- 
tion of  bend  radius  at  1 300  nm 
The  dashed  line  represent*  the 
infinite-cladding  case,  that  a, 
n;  n ni  (Modified  with  permi* 
sion  from  Renner,13  © 1991 
IEEE.) 
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By  specifying  bend-radius  limitations,  one  can  largely  avoid  high  macro- 
bending losses.  Manufacturers  usually  recommend  a minimum  fiber  or  cable  bend 
diameter  of  40  50  mm  (1. 6-2.0  in.).  This  is  consistent  with  typical  bend  diameters 
of  50  75  mm  found  in  fiber-splice  enclosures,  in  equipment  bays,  or  on  optoelec- 
tronic packages  Since  single-mode  fibers  are  designed  to  have  little  or  no  addi- 
tional uttenuation  at  1550  nm  from  bend  diameters  greater  than  50  mm,  bending 
loss  should  not  be  a limiting  performance  factor  in  correctly  installed  cables. 


PROBLEMS 

3-1.  Verify  the  expression  given  in  Eq.  (3-Ie)  that  relates  o.  which  is  in  units  of  dB/km. 
to  ap.  which  is  in  units  of  km- ' 

3-2.  A certain  optical  fiber  has  on  attenuation  of  0.6  dB/km  at  1300  nm  and  0.3  dB/km 
at  1550  nm.  Suppose  the  following  two  optical  signals  are  launched  simultaneously 
into  the  fiber  an  optical  power  of  150 gW  at  1300  nm  and  an  optical  power  of 
100  uW  at  1550  nm  What  arc  the  power  level*  in  pW  of  these  two  signals  at  («)8 
km  and  (/>)  20  km? 

3-3.  An  optical  signal  at  a specific  wavelength  has  lost  55  percent  of  its  power  after 
traversing  3.5  km  of  fiber  What  is  the  attenuation  in  dB  km  of  this  fiber? 

3-1  A continuous  12-km-long  optical  fiber  link  has  a loss  of  15  dB/km 

(а)  What  is  the  minimum  optical  power  level  that  must  be  launched  into  the  fiber 
to  maintain  an  optical  power  level  of  0.3  jtW  at  the  receiving  end? 

(б)  What  is  the  required  input  power  if  the  fiber  has  a loss  of  2.5  dB/km? 

3-5.  Consider  a step-index  fiber  with  a SiOj  GeO:  core  having  a mole  fraction  0.08  of 
GcOj.  Plot  Eqs.  (3-2A)  and  (3*3)  from  500  nm  to  5|im.  and  compare  the  results 
with  the  curves  in  Fig.  3-5, 

3-6.  The  optical  power  loss  resulting  from  Rayleigh  scattering  in  a fiber  can  be  calcu- 
lated from  either  Eq.  (3-4u)  or  Eq.  (3-46).  Compare  these  two  equations  for  silica 
(a  = 1.460  at  630  nm).  given  that  the  fictivc  lemperalurc  T,  is  1400  K.  the  iso- 
thermal compressibility  fir  i*  6.8  x 10' ’’  cm*  dyn.  and  the  photoclastic  coetlieient 
is  0.286  How  does  Uus  agree  with  measured  values  ranging  from  3.9  to  4.8  dB/km 
at  633  nm7 

3-7.  Using  a computer,  solve  Eq.  (3-7)  to  make  plots  of  the  radius  of  bend  curvature 
versus  the  fiber  core  radius  a for  values  of  Sen/Nx  = 10.  50,  and  75  percent  at 
wavelengths  of  1300  nm  and  1550  nm  Let  a be  in  the  range  5 rim  < a < 30 )i m 

3-8.  Considei  graded-index  fibers  having  index  profiles  a = 2.0.  cladding  refractive 
indices  n3  = 1.50,  and  index  differences  A = 0.01.  Using  Eq.  (3-7),  plot  the  ratio 
Ntf/Noo  for  bend  radii  less  than  10  cm  at  A =•  I pm  for  fibers  having  core  radii  of  4. 
25,  and  100  /nn 

3-9.  Three  common  fiber  jacket  materials  are  Elvax*  265  (E,  = 21  MPa)  and  Hytrcl* 
4056  ( Ej  = 58  MPa),  both  made  by  DuPont,  and  Versalon*  1 164  (£;  = 104  MPa) 
made  by  General  Mills  If  the  Young's  modulus  of  a glass  fiber  is  64  GPa,  plot  the 
reduction  in  microbending  loss  as  a function  of  the  index  difference  A when  fibers 
are  coated  with  these  materials.  Make  these  plots  for  A values  ranging  from  0.1  to 
10  percent  and  for  a fiber  claddmg-to-core  ratio  of  b/a  = 2. 

3-10.  Assume  that  a step-index  fiber  has  a V number  of  6.0. 
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(a)  Using  Fig.  2-22.  estimate  the  fractional  power  P^~»!P  traveling  in  the  cladding 
for  the  six  lowest-order  LP  modes 

(ft)  If  the  fiber  in  (a)  is  a glass-core  glass-clad  fiber  having  core  and  cladding 
attenuations  of  3.0  and  4.0  dB/km.  respectively,  find  the  attenuations  for 
each  of  the  six  lowest-order  modes. 

(r)  Suppose  the  fiber  in  (a)  is  a glass-core  polymer-clad  fiber  having  core  and 
cladding  attenuations  of  3 and  1000  dB/km.  respectively.  Find  the  attenuations 
for  each  of  the  six  lowest-order  modes 

3-1 1.  Assume  a given  mode  in  a graded-index  fiber  has  a power  densitv 
(Ar)  = Poexpi-Kr2),  where  the  factor  A'  depends  on  the  modal  power  distribution 
(«)  Letting  Mr)  in  Eq.  (3-1 1 1 be  given  by  Eq  (2-78)  with  a = 2,  show  that  the  loss  in 
this  mode  is 


«i  + 


a;  -«i 

Ka1 


Since  pir)  is  a rapidly  decaying  function  of  r and  since  A < I,  for  ease  of 
calculation  Assume  that  the  top  relation  in  Eq.  (2-78)  holds  for  all  values  of  r 
( b ) Choose  K such  that  fAa)  — that  is,  10  percent  of  the  power  flows  m the 
cladding.  Find  a,,  in  terms  of  at  and  02 

3-12.  For  wavelengths  less  than  1 .0  jam  the  refractive  index  n satisfies  a Sellmeicr  relation 
of  the  form7* 


1 r3  = 


1 + 


EoE, 

E$-& 


where  E = hc/b  is  the  photon  energy  and  £«  and  are,  respectively,  material 
oscillator  energy  and  dispersion  energy  parameters  In  SiO?  glass,  Eo  = 13  4 eV 
and  Ej  = 14  7 eV.  Show  that,  for  wavelengths  between  0.20  and  1 Ojim.  the  viluo 
of  n found  from  the  Sclhneier  relation  are  in  good  agreement  with  those  shown  in 
Fig  3-12. 

3-13.  (a)  An  LED  operating  at  850  nm  has  a spectral  width  of  45  nm.  Whnt  is  the  pulie 
spreading  in  ns/km  due  to  mnterinl  dispersion1’  What  is  the  pulse  spreading 
when  a laser  diode  having  a 2-nm  spectral  width  is  used? 

( b ) Find  the  material-dispersion-induced  pulse  spreading  at  1 550  nm  for  an  LED 
with  a 75-nm  spectral  width 

3-14.  (a)  Using  Eqi  (2-48),  (2-49),  and  (2-57)  show  that  the  normalized  propagation 
constant  defined  by  Eq.  (3-21)  can  be  written  in  the  form 


(A)  For  small  core-cladding  refractive-index  differences  show  that  the  expression 
for  b derived  in  (<i)  reduces  to 


t P/k  - "i 

b = 

n,~n2 

from  which  it  follows  that 


fi  - *2 *(AA  + I ) 
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3-15.  Using  a computer  (preferably),  verify  the  plots  for  b,  d{  Vb)fdV . and  V <P(  Vb)jdV' 
shown  in  Fig.  3-15.  Use  the  expression  for  b given  by  Eq.  (3276), 

316.  Derive  Eq.  (3-30)  by  using  a ray-tracing  method. 

3-17.  Consider  a step-index  fiber  with  core  and  cladding  diameters  of  62.5  and  123/rm. 
respectively.  Let  the  core  index  A|  = 1.48  and  let  the  index  difference  A = 1.5 
percent  Compare  the  modal  dispersion  in  units  of  ns/km  of  this  fiber  as  given 
by  Eq  (3-30)  with  the  mote  exact  expression 

giood  *t|  - "3  /.  _ 

L r V~V) 

where  L is  the  length  of  the  fiber  and  /tj  is  the  cladding  index 

318.  Verify  that  Eq.  (3-41 ) reduces  to  Eq.  (3-48)  for  the  step-index  case  when  o = oo  and 

f = 0, 

319.  Show  that,  when  the  effect  of  material  dispersion  is  ignored  and  for  * = 0,  Eq 
(3-41)  reduces  to  Eq.  (3-47). 

320.  Make  a plot  on  log  log  paper  of  the  rms  pulse  broadening  in  a parabolic  graded 
index  fiber  (a  = 2)  as  a function  of  the  optical  source  spectral  width  ay  in  the  range 
0 10-100  nm  for  peak  operating  wavelengths  of  850  nm  and  1300  nm.  Let  A = 0.01, 
N i = 1.46,  and  < = 0 at  both  wavelengths.  Assume  the  factor  Xid1n/dX?  is  0.025  at 
850  nm  and  0.004  at  1300  nm. 

321.  Repeat  Prob.  320  for  a graded-index  single-mode  fiber  with  A = 0.001. 

322.  Derive  Eq.  (3-35)  by  substituting  Eq.  (3-34/i)  into  Eq.  (3-34a) 

323.  Derive  Eq.  (3-44)  from  Eq.  (3-39). 

324.  Verify  the  expression  given  in  Eq.  (3-45). 

325.  Consider  a standnrd  non-dispersion-shifted  single-mode  optical  fiber  that  has 
a zero-dispersion  wavelength  at  1310  nm  with  a dispersion  slope  of  = 
0.090  ps/(nm:  km).  Plot  the  dispersion  in  the  wavelength  range  1270  nm 
< A < 1340  nm 

326.  A typical  dispersion-shifted  single-mode  optical  fiber  has  a zero-dispersion  wave- 
length at  1 550  nm  with  a dispersion  slope  of  So  = 0.070  ps/(nmJ  km) 

(а)  Plot  the  dispersion  in  the  wavelength  range  I500nm  < k < 1600  nm 

(б)  Compare  the  dispersion  at  1500  nm  with  the  dispersion  value  for  the  non- 
dispersion-shifted  fiber  described  in  Prob.  325. 

327.  Compare  the  rms  pulse  broadening  per  kilometer  for  the  following  three  fibers 

(а)  A multimode  step-index  fiber  with  core  index  m = 1.49  and  relative  index 
difference  A = I percent. 

(б)  A graded-index  fiber  having  an  optimum  parabolic  index  profile  and  the  same 
core  index  (m  = 1.49)  and  relative  index  difference  (A  = I percent)  as  the  step- 
index  fiber  in  (a). 

(c)  The  same  type  of  graded-index  fiber  as  in  (b)  but  with  A = 0.5  percent 

328.  Consider  un  optical  link  consisting  of  a 5-km-long  step-index  fiber  with  core  index 
«i  = 1 .49  and  relative  index  difference  A = 1 percent 

(а)  Find  the  delay  difference  at  the  fiber  end  between  the  slowest  and  fastest 
modes 

(б)  Find  the  mu  pulse  broadening  caused  by  inlermodal  dispersion. 

(c)  Calculate  the  maximum  bit  rate  Bj  that  can  be  transmitted  over  the  fiber 
without  significant  errors,  which  is  given  by  = 0.2/o„Cp  (see  Chap.  8). 
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id)  Assuming  the  maximum  hit  mtc  equals  the  bandwidth,  what  is  the  bandwidth 
distance  product  of  this  fiber? 

3-29.  The  net  delay  of  a gruded-tndex  fiber  between  the  lowcst-order  and  highest- 
order  modes  can  be  written  as44 


for  o ^ Oop, 
for  a = 


If  Oop,  = 2.0.  use  a computer  to  plot  the  ratio  of  <rmlw  (at  a = crop,)  to  o,nwt  (at 
a f a,, p, ) for  index  difTercnces  of  A =0.5,  1.0,  and  2.0  percent  over  the  index- 
profile  range  0.90  < nr  < 1 . 10;  that  is.  Tor  values  of  a ranging  from  90  to  110  percent 
of  oop,. 

3-30.  Calculate  the  waveguide  dispersion  at  1320  nm  in  units  of  [ps/(nm  • km)J  for  a 
single-mode  fiber  with  core  and  cladding  diameters  of  9pm  and  125pm.  respec- 
tively. Let  the  cote  index  «i  = I 48  and  let  the  index  difference  A = 0.22  percent 

3-31.  Starting  with  Eq  (3-55).  derive  the  dispersion  expression  given  m Eq  (3-57). 

3-32.  Renner13  derived  a simplified  approximation  to  describe  the  bend  losses  of  single- 
mode  optical  fibers  This  expression  for  the  bending  loss  is 


2<ZiZj)w 

«mr  a«“"  (Z,  + Z:)  - (Z,  - Zj)co«(20) 

where  the  conventional  bending  loss  is 

where  V is  given  by  Eq.  (2-57).  fin  is  the  propagation  constant  in  a straight  fihet 
with  an  infinite  cludding  given  by  Eq.  (2-46).  K\  is  the  modified  Bessel  function  (see 
App  C).  and 

+ 2b/  K)  - * Ir’njo  + 2b/ R)  - k:n\  for  q = 2.  3 

-M-r 

y=(d-  *(nf  - «§)'/3 

**  = ~ * **("1  " «j) 

Rt  = IkWib/'f  - the  critical  bend  radius 

Using  a computer,  (a)  verify  the  plot  given  in  Fig  3-31  at  1300  nm.  and  (b)  calculate 
and  plot  the  bend  loss  as  a function  of  wuvclength  for  800  nm  < X.  < I600nm  at 
several  different  bend  radii  (e  g..  15  und  20  mm)  Let  >»i  = 1.480.  »j  = I 475. 
m = l.07«:  = 1.578.  and  b = 60pm 

3-33.  Eaustini  and  Maruni54  developed  a more  detailed  formula  for  describing  the  oscil- 
latory behavior  of  bend  loss  os  a function  of  the  bend  radius  and  wavelength  Using 
a computer,  use  their  formulation  to  reproduce  the  three-dimensional  plots  of  bend 
loss  versus  radius  of  curvature  and  wavelength  given  in  Fig.  5 of  their  paper  U 
Lightwave  Tech.,  vol  15.  pp  671  679.  Apr  1997). 
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The  principal  light  sources  used  for  fiber  optic  communications  applications  arc 
hetcrojunction-structured  semiconductor  laser  diodes  (also  referred  to  as  infection 
laser  diodes  or  ILDs)  and  light-emitting  diodes  (LEDs)-  A heterofunction  consists 
of  two  adjoining  semiconductor  materials  with  different  band-gap  energies.  These 
devices  arc  suitable  for  fiber  transmission  systems  because  they  have  adequate 
output  power  for  a wide  range  of  applications,  their  optical  power  output  can  be 
directly  modulated  by  varying  the  input  current  to  the  device,  they  have  a high 
efficiency,  and  their  dimensional  characteristics  arc  compatible  with  those  of  the 
optical  fiber.  Comprehensive  treatments  of  the  major  aspects  of  LEDs  and  laser 
diodes  arc  presented  in  various  books.1"*  Review  articles  and  book  chapters 
covering  the  operating  principles  of  these  devices  are  also  available.7"15  and  the 
reader  is  referred  to  these  for  details. 

The  intent  of  this  chapter  is  to  give  an  overview  of  the  pertinent  character- 
istic of  fiber-compatible  luminescent  sources.  The  first  section  discusses  semicon- 
ductor material  fundamentals  that  are  relevant  to  light  source  operation.  The  next 
two  sections  present  the  output  and  operating  characteristics  of  LEDs  and  laser 
diodes,  respectively.  These  are  followed  by  sections  discussing  the  temperature 
responses  of  optical  sources,  their  linearity  characteristics,  and  their  reliability 
under  various  operating  conditions. 

We  shall  see  in  this  chapter  that  the  light-emitting  region  of  both  LEDs  and 
laser  diodes  consists  of  a pn  junction  constructed  of  direct-band-gap  III  V semi- 
conductor materials.  When  this  junction  is  forward  biases!,  electrons  and  holes  are 
injected  into  the  p and  n regions,  respectively.  These  injected  minority  earners  can 
recombine  cither  radiativcly,  in  which  case  a photon  of  energy  hv  is  emitted,  or 


141 


142  OPTICAL  SOCKCES 


nonradiativcly,  whereupon  the  recombination  energy  is  dissipated  in  the  form  of 
heat  This  pn  junction  is  thus  known  as  the  active  or  recombination  region 

A major  difference  between  LEDs  and  laser  diodes  is  that  the  optical  output 
from  an  LED  is  incoherent,  whereas  that  from  a laser  diode  is  coherent.  In  a 
coherent  source,  the  optical  energy  is  produced  in  an  optical  resonant  cavity.  The 
optical  energy  released  from  this  cavity  has  spatial  and  temporal  coherence,  which 
means  it  is  highly  monochromatic  and  the  output  beam  is  very  directional  In  an 
incoherent  LED  source,  no  optical  cavity  exists  for  wavelength  selectivity.  The 
output  radiation  has  a broad  spectral  width,  since  the  emitted  photon  energies 
range  over  the  energy  distribution  of  the  recombining  electrons  and  holes,  which 
usually  lie  between  I and  2k bT  (ka  is  Boltzmann's  constant  and  T is  the  absolute 
temperature  at  the  pn  junction).  In  addition,  the  incoherent  optical  energy  is 
emitted  into  a hemisphere  according  to  a cosine  power  distribution  and  thus 
has  a large  beam  divergence 

In  choosing  an  optical  source  compatible  with  the  optical  waveguide,  var- 
ious characteristics  of  the  fiber,  such  as  its  geometry,  its  attenuation  as  a function 
of  wavelength,  its  group  delay  distortion  (bandwidth),  and  its  modal  character- 
istics, must  be  taken  into  account.  The  interplay  of  these  factors  with  the  optical 
source  power,  spectral  width,  radiation  pattern,  and  modulation  capability  needs 
to  be  considered.  The  spatially  directed  coherent  optical  output  from  a laser  diode 
can  be  coupled  into  cither  single-mode  or  multimode  fibers.  In  general,  LEDs  are 
used  with  multimode  libers,  since  normally  it  is  only  into  a multimode  fiber  that 
the  incoherent  optical  power  from  an  LED  can  be  coupled  in  sufficient  quantities 
to  be  useful  However.  LEDs  have  been  employed  in  high-speed  local-area  appli- 
cations in  which  one  wants  to  transmit  several  wavelengths  on  the  same  fiber 
Here,  a technique  called  spectral  slicing  is  used.,:M5  This  entails  using  a passive 
device  such  os  a waveguide  grating  array  (sec  Chap  10)  to  split  the  broad  spectral 
emission  of  the  LED  into  narrow  spectral  slices.  Since  these  slices  are  each  cen- 
tered at  a different  wavelength,  they  can  be  individually  modulated  externally 
with  independent  data  streams  and  simultaneously  sent  on  the  same  fiber. 

4.1  TOPICS  FROM  SEMICONDUCTOR 
PHYSICS 

Since  the  material  in  this  chapter  assumes  a rudimentary  knowledge  of  semicon- 
ductor physics,  various  relevant  definitions  arc  given  here  for  semiconductor 
material  properties,  including  the  concepts  of  energy  bands,  intrinsic  and  extrinsic 
materials,  pn  junctions,  and  direct  and  indirect  band  gaps.  Further  details  can  be 
found  in  Refs.  16-18. 

4.1.1  Energy  Bands 

Semiconductor  materials  have  conduction  properties  that  lie  somewhere  between 
those  of  metals  and  insulators.  As  an  example  material,  we  consider  silicon  (Si), 
which  is  located  in  the  fourth  column  (group  IV)  of  the  periodic  table  of  elements 
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A Si  atom  has  four  electrons  in  its  outer  shell,  by  which  it  makes  covalent  bonds 
with  its  neighboring  atoms  in  a crystal 

The  conduction  properties  can  be  interpreted  with  the  aid  of  the  energy-bund 
diagrams  shown  in  Fig.  4-1  a In  a pure  crystal  at  low  temperatures,  thfc  conduction 
hand  is  completely  empty  of  electrons  and  the  valence  band  is  completely  full 
These  two  bands  are  separated  by  an  energy  gap.  or  band  gap,  in  which  no  energy 
levels  exist  As  the  temperature  is  raised,  some  electrons  are  thermally  excited 
across  the  band  gap.  For  Si  this  excitation  energy  must  he  greater  than  l.l  cV, 
which  is  the  band-gap  energy.  This  gives  rise  to  a concentration  n of  free  electrons 
in  the  conduction  band,  which  leaves  behind  an  equal  concentration  p of  vacan- 
cies, or  holes,  in  the  valence  band,  as  is  shown  schematically  in  Fig  4- 1 b.  Both  the 
free  electrons  and  the  holes  arc  mobile  within  the  material,  so  that  both  can 
contribute  to  electrical  conductivity;  that  is.  an  electron  in  the  valance  band  can 
move  into  a vacant  hole  This  action  makes  the  hole  move  in  the  opposite  direc- 
tion to  the  electron  flow,  as  is  shown  in  Fig.  4- 1 a. 

The  concentration  of  electrons  and  holes  is  known  as  the  intrinsic  carrier 
concentration  n,.  and  for  a perfect  material  with  no  imperfections  or  impurities  it  is 
pven  by 


where 

K = 2<2»r**77AJ)w,<m,m*),/4 


(■>  <») 


net  RE  4-1 

Ml  Energy-level  diagrams  showing  ibe  excitation  of  an  electron  from  the  valence  hand  lof  energy  £V) 
to  the  conduction  hand  (of  energy  £,  ) the  resultant  free  electron  and  free  hole  move  under  ihc 
influence  of  an  external  electric  field  E.  (A)  equal  electron  and  hole  concentration*  in  an  inlnnoc 
tenuconduclor  created  by  Ihc  thermal  excitation  of  electrons  across  the  band  gap 
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is  * constant  that  is  characteristic  of  the  material.  Here,  T is  the  temperature  in 
degrees  Kelvin,  kB  is  Boltzmann's  constant,  h is  Planck's  constant,  and  m,  and  m* 
arc  the  effective  masses  of  the  electrons  and  holes,  respectively,  which  can  he 
smaller  by  a factor  of  10  or  more  than  the  free-space  electron  rest  mass  of 
9.11  x I0-’1  kg 

MB  Example  4-1.  Given  the  following  parameter  values  for  GaAs  at  300  K 

Electron  rest  moss  m = 9.1 1 x I0~”  kg 
Effective  electron  mass  m,  = 0.068m  «=  6.19  x 10~JI  kg 
Effective  hole  mass  = 0 56m  a 5.10  x 10'”  kg 
Band-gap  energy  £,  = 1.42  eV 

then  from  Eq.  (4-1)  we  find  that  the  intrinsic  carrier  concentration  is 
n,  b 2.62  x lO1^-’  = 2.62  x 10*  cm'1 

The  conduction  can  be  greatly  increased  by  adding  traces  of  impurities  from 
the  group  V elements  (e.g..  P.  As.  Sb).  This  process  is  called  doping  and  the  doped 
semiconductor  is  called  an  extrinsic  material.  These  elements  have  five  electrons  in 
the  outer  shell.  When  they  replace  a Si  atom,  four  electrons  are  used  for  covalent 
bonding,  and  the  fifth,  loosely  bound  electron  is  available  for  conduction.  As 
shown  tn  Fig  4-2u.  this  gives  nsc  to  an  occupied  level,  just  below  the  conduction 
band,  called  the  donor  level.  The  impurities  are  called  donors  because  they  can  give 
up  an  electron  to  the  conduction  band.  This  is  reflected  by  the  increase  in  the  free- 


Election 


FIGURE  4-2 

(a)  Donor  level  m an  n-type  material,  (6)  the  ionization  of  donor  impurities  create*  an  increased 
electron  concentration  distribution 
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electron  concentration  in  the  conduction  band,  as  shown  in  Fig.  4-2 b.  Since  in  this 
type  of  material  the  current  is  carried  by  (negative)  electrons  (because  the  electron 
concentration  is  much  higher  than  that  of  holes),  it  is  called  n-type  material 
The  conduction  can  also  be  increased  by  adding  group  III  elements,  which 
have  three  electrons  in  the  outer  shell.  In  this  case,  three  electrons  make  covalent 
bonds,  and  a hole  with  properties  identical  to  that  of  the  donor  electron  is  created 
As  shown  in  Fig.  4-3 a,  this  gives  rise  to  an  unoccupied  level  jusi  above  the  valence 
band  Conduction  occurs  when  electrons  are  excited  from  the  valence  band  to  this 
acceptor  level  (so  called  because  the  impurity  atoms  have  accepted  electrons  from 
the  valence  band).  Correspondingly,  the  free-hole  concentration  increases  in  the 
valence  band,  as  shown  in  Fig.  4-3 b.  This  is  called  p-type  material  because  the 
conduction  is  a result  of  (positive)  hole  flow 


4.1.2  Intrinsic  and  Extrinsic  Material 

A perfect  material  containing  no  impurities  is  called  an  intrinsic  material.  Because 
of  thermal  vibrations  of  the  crystal  atoms,  some  electrons  in  the  valence  band  gain 
enough  energy  to  be  excited  to  the  conduction  band.  This  thermal  generation 
process  produce*  free  electron  hole  pairs,  since  every  electron  that  moves  to  the 
conduction  band  leaves  behind  a hole  Thus,  for  an  intrinsic  material  the  number 
of  electrons  and  holes  are  both  equal  to  the  intrinsic  carrier  density,  as  denoted  by 
Eq,  (4-1).  in  the  opposite  recombination  process,  a free  electron  releases  its  energy 
and  drops  into  a free  hole  in  the  valence  band.  For  an  extrinsic  semiconductor,  the 
increase  of  one  type  of  carrier  reduces  the  number  of  the  other  type.  In  this  case, 
the  product  of  the  two  types  of  carriers  remains  constunt  at  a given  temperature. 
Tlm  gives  rise  to  the  mass-action  law 

pn  = nf  (4-2) 
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which  is  valid  for  both  intrinsic  and  extrinsic  materials  under  thermal  equilibrium. 

Since  the  electrical  conductivity  is  proportional  to  the  earner  concentration, 
two  types  of  charge  earners  are  defined  for  this  material: 

1.  Majority  carriers  refer  cither  to  electrons  in  n-type  material  or  to  holes  in  p- 
type  matenal 

2.  Minority  carriers  refer  either  to  holes  in  n-type  material  or  to  electrons  in  p- 
type  material 

The  operation  of  semiconductor  devices  is  essentially  based  on  the  injection  and 
extraction  of  minority  carriers 

Example  4-2,  Consider  an  n-type  semiconductor  which  has  been  doped  with  u net 
concentration  of  No  donor  impurities.  Let  n*  and  p*  be  the  electron  and  holt 
concentrations,  respectively,  where  the  subscript  N is  used  to  denote  n- type  iemi- 
conductor  characteristics.  In  this  case,  holes  arc  created  exclusively  by  thermal  ioni- 
zation of  intrinsic  atoms.  This  process  generates  equal  concentrations  of  electrons 
and  holes,  so  that  the  hole  concentration  in  an  n-type  semiconductor  is 

Px  — Pi  — «. 

Since  conduction  electrons  are  generated  by  both  impurity  and  intrinsic  atoms,  the 
total  conduction-electron  concentration  ns  is 

n.v  — Np  4-  n,  = Np  + p,\ 

Substituting  Eq.  (4-2)  for  />*  (which  state*  that,  in  equilibrium,  the  product  of  the 
electron  and  hole  concentration*  equals  the  square  of  the  intrinsic  carrier  density,  so 
that  px  = nj/n.v).  we  have 

•) 

If  n,  « Np,  which  is  generally  the  case,  then  to  a good  approximation 
n/y  = Np  and  pK  « nj/Np 


4.1.3  The  pn  Junctions 

Doped  n-  or  p-type  semiconductor  material  by  itself  serves  only  as  a conductor 
To  make  devices  out  of  these  semiconductors,  it  is  necessary  to  use  both  types  of 
materials  (in  a single,  continuous  crystal  structure).  The  junction  between  the  two 
material  regions,  which  is  known  as  the  pn  junction . is  responsible  for  the  useful 
electrical  characteristics  of  a semiconductor  device. 

When  a pn  junction  is  created,  the  majority  carriers  diffuse  across  it.  This 
causes  electrons  to  fill  holes  in  the  p side  of  the  junction  and  causes  holes  to 
appear  on  the  n side.  As  a result,  an  electric  field  (or  barrier  potential)  uppears 
across  the  junction,  as  is  shown  in  Fig.  4-4  This  field  prevents  further  net  move- 
menu  of  charges  once  equilibrium  has  been  established.  The  junction  area  now 
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FIGURE  4-4 

Electron  difTatton  act ns*  ■ pn 
junction  creates  ■ barrier  poten- 
tial (electric  field)  in  the  depletion 
region 


has  no  mobile  carriers,  since  its  electrons  and  holes  arc  locked  into  a covalent 
bond  structure.  This  region  is  called  cither  the  depletion  region  or  the  space  charge 
region. 

When  an  external  batter)  is  connected  to  the  pn  junction  with  its  positive 
terminal  to  the  n-type  material  and  its  negative  terminal  to  the  p-iypc  material,  the 
junction  is  said  to  be  reverse-biased.  This  is  shown  in  Fig.  4-5.  As  u result  of  the 
reverse  bias,  the  width  of  the  depletion  region  will  increase  on  both  the  n side  and 
the  p side.  This  effectively  increases  the  barrier  potential  and  prevents  any  major- 
ity earners  from  flowing  across  the  junction.  However,  minority  carriers  can  move 
with  the  field  across  the  junction.  The  minority  carrier  flow  is  small  at  normal 
temperatures  and  operating  voltages,  but  it, can  be  significant  when  excess  carriers 
are  created  as,  for  example,  in  an  illuminated  photodiode. 
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A reverse  hunt  widen*  the  depletion 
region,  but  allow*  minority  carrier* 
to  move  freely  with  the  applied  field. 
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When  the  pn  junction  is  forward-biased,  as  shown  in  Fig.  4-6,  the  magnitude 
or  the  burner  potential  is  reduced.  Conduction-band  electrons  on  the  n side  and 
valence-band  holes  on  the  p side  are.  thereby,  allowed  to  diffuse  across  the  junc- 
tion Once  across,  they  significantly  increase  the  minority  carrier  concentrations, 
and  the  excess  curriers  then  recombine  with  the  oppositely  charged  majority 
carriers.  The  recombination  of  excess  minority  carriers  is  the  mechanisms  by 
which  optica)  radiation  is  generated. 


4.1.4  Direct  and  Indirect  Band  Gap* 

In  order  for  electron  transitions  to  take  place  to  or  from  the  conduction  band  with 
the  absorption  or  emission  of  a photon,  respectively,  both  energy  and  momentum 
must  be  conserved.  Although  a photon  can  have  considerable  energy,  its  momen- 
tum hv/c  is  very  small. 

Semiconductors  arc  classified  as  either  direct-hand-gap  or  indireci-band-gup 
materials  depending  on  the  shape  of  the  band  gap  as  a function  of  the  momentum 
k.  as  shown  in  Fig  4-7.  Let  us  consider  recombination  of  an  electron  and  a hole, 
accompanied  by  the  emission  of  a photon.  The  simplest  and  most  probable 
recombination  process  will  be  that  where  the  electron  and  hole  have  the  same 
momentum  value  (sec  Fig.  4-7a).  This  is  a dircct-band-gap  material. 

For  indirect-band-gup  materials,  the  conduction-band  minimum  and  the 
valence-band  maximum  energy  levels  occur  at  different  values  of  momentum, 
as  shown  in  Fig.  4-7 b.  Here,  band-to-band  recombination  must  involve  a third 
particle  to  conserve  momentum,  since  the  photon  momentum  is  very  small. 
Phonons  (i.e.,  crystal  lattice  vibrations)  serve  this  purpose. 


4.1.5  Semiconductor  Device  Fabrication 

In  fabricating  semiconductor  devices,  the  crystal  structure  of  the  various  material 
regions  must  be  carefully  taken  into  account.  In  any  crystal  structure,  single 
atoms  (c.g..  Si  or  Ge)  or  groups  of  atoms  (e  g..  NaCl  or  GaAs)  arc  arranged  in 
a repeated  pattern  in  space.  This  periodic  arrangement  defines  a lattice,  and  the 
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fti)  Electron  recombination  and  the  auaciated  photon  emusKin  for  a direct-band-gap  material,  lb) 
eketron  rtcornlaruituio  for  indlrect-hand-gap  matenali  require*  a phonon  of  energy  Ef*  and  momen- 
tum kfk 


spacing  between  the  atoms  or  groups  of  atoms  is  called  the  lattice  spacing  or  the 
lattice  constant.  Typical  lattice  spacing*  are  u few  angstroms 

Semiconductor  devices  are  generally  fabricated  by  starting  with  a crystalline 
substrate  which  provides  mechanical  strength  for  mounting  the  device  and  for 
making  electric  contacts.  A technique  of  crystal  growth  by  chemical  reaction  is 
then  used  to  grow  thin  layers  of  semiconductor  matenals  on  the  substrate.  These 
materials  must  have  lattice  structures  that  are  identical  to  those  of  the  substrate 
crystal.  In  particular,  the  lattice  spuungs  of  adjacent  matenals  should  be  closely 
matched  to  avoid  tcmpcruture-induced  stresses  and  strains  u(  the  matenai  inter- 
faces This  type  of  growth  is  called  epitaxial,  which  is  derived  from  the  Greek 
words  epi  meaning  “on"  and  taxis  meaning  “arrangement";  that  is,  it  is  un 
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arrangement  of  atom*  from  one  material  on  another  material.  An  important 
characteristic  of  epitaxial  growth  is  that  it  is  relatively  simple  to  change  the 
impurity  concentration  of  successive  material  layers,  so  that  a layered  semicon- 
ductor device  can  be  fabricated  in  a continuous  process  Epitaxial  layers  can  be 
formed  by  growth  techniques  of  either  vapor  phase,  liquid  phase,  or  molecular 
beara.‘t,,» 

4.2  LIGHT-EMITTING  DIODES  (LEDs) 

For  optical  communication  systems  requiring  bit  rates  less  than  approximately 
100-200  Mb/s  together  with  multimode  fiber-coupled  optical  power  in  the  tens  of 
microwatts,  semiconductor  light-emitting  diodes  (LEDs)  arc  usually  the  best  light 
source  choice.  These  LEDs  require  less  complex  drive  circuitry  than  laser  diodes 
since  no  thermal  or  optical  stabilization  circuits  arc  needed  (see  See.  4.3.6),  and 
they  can  be  fabricated  less  expensively  with  higher  yields. 

4.2.1  LED  Structures 

To  be  useful  in  fiber  transmission  applications  an  LED  must  have  a high  radiance 
output,  a fast  emission  response  time,  and  a high  quantum  efficiency  Its  radiance 
(or  brighinexs ) is  a measure,  in  watts,  of  the  optical  power  radiated  into  a unit 
solid  unglc  per  unit  area  of  the  emitting  surface.  High  radiances  arc  necessary  to 
couple  sufficiently  high  optical  power  levels  into  a fiber,  as  shown  in  detail  in 
Chap.  5.  The  emission  response  time  is  the  time  delay  between  the  application  of  a 
current  pulse  and  the  onset  of  optical  emission.  As  we  discuss  in  Sees.  4.2.4  and 
4.3.7,  this  time  delay  is  the  factor  limiting  the  bandwidth  with  which  the  sourer 
can  be  modulated  directly  by  varying  the  injected  current.  The  quantum  efficiency 
is  related  to  the  fraction  of  injected  electron  hole  pairs  that  recombine  radiativciy. 
This  is  defined  and  described  in  detail  in  Sec.  4.2.3. 

To  uchicvc  a high  radiance  and  a high  quantum  efficiency,  the  LED  struc- 
ture must  provide  u means  of  confining  the  charge  carriers  and  the  stimulated 
optical  emission  to  the  active  region  of  the  pn  junction  where  radiative  recombi- 
nation takes  place.  Carrier  confinement  is  used  to  achieve  a high  level  of  radiative 
recombination  in  the  active  region  of  the  device,  which  yields  a high  quantum 
efficiency.  Optical  confinement  is  of  importance  for  preventing  absorption  of  the 
emitted  radiation  by  the  material  surrounding  the  pn  junction. 

To  achieve  carrier  and  optical  confinement.  LED  configurations  such  as 
homojunctions  and  single  and  double  hclcrojunclions  have  been  widely  investi- 
gated. The  most  effective  of  these  structures  is  the  configuration  shown  in  Fig 
4-8.  This  is  referred  to  as  a double-heterostructure  (or  hclerojvnclion ) device 
because  of  the  two  different  alloy  layers  on  each  side  of  the  active  region  This 
configuration  evolved  from  studies  on  laser  diodes.  By  means  of  this  sandwich 
structure  of  differently  composed  alloy  layers,  both  the  carriers  and  the  optical 
field  arc  confined  in  the  central  active  layer  The  band-gap  differences  of  adjacent 
layers  confine  the  charge  carriers  ( Fig.  4-8 b).  while  the  differences  in  the  indices  of 
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figure  4-x 

In)  Crovivcction  drawing  (noi  to  vale)  of  a typical  GaAlAi  double-hctero»tructurt  light  emitter  In 
Um  rtructure,  x > i to  provide  for  both  earner  confinement  and  optical  guiding  (h)  Energy-band 
dugram  ahowing  the  active  region,  and  the  electron  and  hole  ha  men  which  confine  the  charge  camera 
to  the  active  layer,  (e)  Variation!  in  the  refractive  indet,  the  lower  index  of  refraction  of  the  material  m 
rcgioni  I and  5 create*  an  optical  barrier  around  the  waveguide  because  of  the  higher  hand-gap  energy 
of  lh»  material. 

refraction  of  adjoining  layers  confine  the  optical  field  to  the  central  active  layer 
(Fig.  4 -8c).  This  dual  confinement  leads  to  both  high  efficiency  and  high  radiance 
Other  parameters  influencing  the  device  performance  include  optical  absorption 
in  the  active  region  (self-absorption),  earner  recombination  at  the  hcterostructurc 
interfaces,  doping  concentration  of  the  active  layer,  injection  carrier  density,  and 
ictive-laycr  thickness.  We  shall  see  the  effects  of  these  parameters  in  the  following 
sections. 

The  two  basic  LED  configurations  being  used  for  fiber  optics  arc  surface 
emitters  (also  called  Burrus  or  front  emitters)  and  edge  emitters}'  In  the  surface 
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emitter,  the  plane  of  the  active  light-emitting  region  is  oriented  perpendicularly  to 
the  axis  of  the  fiber,  as  shown  in  Fig.  4-9.  In  this  configuration,  a well  is  etched 
through  the  substrate  of  the  device,  into  which  u fiber  is  then  cemented  in  order  to 
accept  the  emitted  light  The  circular  active  area  in  practical  surface  emitters  is 
nominally  50 /im  in  diameter  and  up  to  2.5 pm  thick  The  emission  pattern  is 
essentially  isotropic  with  a 120  half-power  beam  width 

This  isotropic  pattern  from  a surface  emitter  is  called  a lambcrtian  pattern 
In  this  pattern,  the  source  i*  equally  bright  when  viewed  from  any  direction,  but 
the  power  diminishes  as  cosfl.  where  0 is  the  angle  between  the  viewing  direction 
and  the  normal  to  the  surface  (this  is  because  the  projected  area  one  secs  decreases 
as  cost?).  Thus,  the  power  is  down  to  50  percent  of  its  peak  when  9 = 60°.  so  that 
the  total  half-power  beam  width  is  120;. 

The  edge  emitter  depicted  in  Fig  4-10  consists  of  an  active  junction  region, 
which  is  the  source  of  the  incoherent  light,  and  two  guiding  layers.  The  guiding 
layers  both  have  a refractive  index  which  is  lower  than  that  of  the  active  region 
but  higher  than  the  index  of  the  surrounding  material.  This  structure  forms  a 
waveguide  channel  that  directs  the  optical  radiation  toward  the  fiber  core.  To 
match  the  typical  fiber-core  diameters  (50-100  am),  the  contact  stnpes  for  the 
edge  emitter  arc  50  -70  jxm  wide.  Lengths  of  the  active  regions  usually  range  from 
100  to  1 50 /im  The  emission  pattern  of  the  edge  emitter  is  more  directional  than 
that  of  the  surface  emitter,  as  is  illustrated  in  Fig  4-10  In  the  plane  parallel  to  the 
junction,  where  there  is  no  waveguide  effect,  the  emitted  beam  is  lambcrtian 
(varying  as  costf)  with  a half-power  width  of »,  = 120".  In  the  plane  pcrpcndiculm 
to  the  junction,  the  half-power  beam  width  has  been  made  as  small  as  25-35” 
by  a proper  choice  of  the  waveguide  thickness  11 


FIGURE  4-9 

Schematic  (not  lo  tea  lei  of  a high-nidtamr  surface-emitting  LED  the  active  region  u limned  10  • 
circular  section  that  hat  an  area  compatible  with  the  fiber-core  end  face 
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HCURE  4-10 

Schematic  (nol  to  Kale)  of  an  edge-emitting  double- helerojunclion  LED  Tlie  output  beam  it  lumber- 
tun  In  the  plane  of  the  fm  junction  ia,  = I JO"  > and  highly  directional  perpendicular  to  the  pn  junction 


4.2.2  Light  Source  Materials 

The  semiconductor  material  that  is  used  for  the  active  layer  of  an  optical  source 
must  have  a direct  band  gap.  In  a dircct-bund-gap  semiconductor,  electrons  and 
holes  can  recombine  directly  across  the  band  gap  without  needing  a third  particle 
to  conserve  momentum.  Only  in  dircct-band-gap  material  is  the  radiative  recom- 
bination sufficiently  high  to  produce  an  adequate  level  of  optical  emission. 
Although  none  of  the  normal  single-element  semiconductors  are  direct-gap  mate- 
nals.  many  binary  compounds  are.  The  most  important  of  these  are  the  so-called 
111  V materials.  These  are  made  from  compounds  of  a group  III  dement  (c.g.,  Al. 
Ga.  or  In)  and  a group  V clement  (c.g..  P.  As.  or  Sb).  Various  ternary  und 
quaternary  combinations  of  binary  compounds  of  these  elements  are  also 
direct-gap  materials  and  are  suitable  candidates  for  optical  sources. 

For  operation  in  the  800-to-900-nm  spectrum,  the  principal  material  used  is 
the  ternary  alloy  Gaj  ,AltAs.  The  ratio  x of  aluminum  arsenide  to  gallium 
arsenide  determines  the  band  gap  of  the  alloy  and.  correspondingly,  the  wave- 
length of  the  peak  emitted  radiation.  This  is  illustrated  in  Fig  4-11.  The  value  of  x 
for  the  active-area  matcnal  is  usually  chosen  to  give  an  emission  wavelength  of 
800  850  nm.  An  example  of  the  emission  spectrum  of  a Gat_.Al.As  LED  with 
t = 0.08  is  shown  in  Fig.  4-12.  The  peak  output  power  occurs  at  810  nm  The 
width  of  the  spectral  pattern  at  its  half-power  point  is  known  us  the  full-width  half- 
maximum  (FWHM)  spectral  width.  As  shown  in  Fig.  4-12,  this  FWHM  spectral 
width  is  36  nm. 

At  longer  wavelengths  the  quaternary  alloy  Ini-,Ga,  As,  Pi  , is  one  of  the 
pnmary  material  candidates.  By  varying  the  mole  fractions  x and  y in  the  active 
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FIGL'RF.  4-1 1 

Band-gup  energy  and  output  wavelength  as  a function  of  aluminum  mole  fraction  x for  A1,G«|.  ,As  at 
room  temperature  (Reproduced  with  permission  from  Miller,  Marcalili,  and  Lee,  Proe.  IEEE,  vol  61, 
pp  I70.V175I.  Dec  1973,  © 1973.  IEEE  I 


area.  LEDs  with  peak  output  powers  at  any  wavelength  between  1.0  und  1.7  pm 
can  be  constructed.  For  simplicity,  the  notations  GaAIAs  and  InGaAsP  are 
generally  used  unless  there  is  an  explicit  need  to  know  the  values  of  a and  y. 
Other  notations  such  as  AIGaAs,  (Al.Ga)As,  (GaAI)As,  GalnPAs.  and 
ln,Gai-^AsrP|_y  are  also  found  in  the  literature.  From  the  last  notation,  it  is 
obvious  that,  depending  on  the  preference  of  the  particular  author,  the  values  of  it 
and  I — x for  the  same  material  could  be  interchanged  in  different  articles  in  the 
literature. 


FIGURE  4-12 

Spectral  emission  pattern  of  a repre- 
•rotative  G*i . ,AI,Ai  LED  wtth 
* = 0 08  The  width  of  the  spectral 
7SO  770  790  (10  830  8S0  870  pattern  at  it*  half-power  point  it  36 

Emmtoo  wavelength  (nra)  nm 
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The  ulloys  GaAlAs  and  InGaAsP  are  chosen  to  make  semiconductor  light 
sources  because  it  is  possible  to  match  the  lattice  parameters  of  the  heterostruc- 
ture interfaces  by  using  a proper  combination  of  binary,  ternary,  and  quaternary 
materials.  A very  close  match  between  the  crystal  lattice  parameters  of  the  two 
adjoining  heterojunctions  is  required  to  reduce  interfacial  defects  and  to  minimize 
strains  in  the  device  as  the  temperature  varies  These  factors  directly  affect  the 
radiative  efficiency  and  lifetime  of  a light  source.  Using  the  fundamental  quan- 
tum-mechanical relationship  between  energy  E and  frequency  v, 

£ = Av  = — 

the  peak  emission  wavelength  X in  micrometers  cun  be  expressed  as  a function  of 
the  band-gap  energy  Et  in  electron  volts  by  the  equation 

,4-« 

The  relationships  between  the  band-gap  energy  £f  and  the  crystal  lattice  spacing 
(or  lattice  constant)  ao  for  various  III-V  compounds  are  plotted  in  Fig.  4-13. 

A heterojunction  with  matching  lattice  parameters  is  created  by  choosing 
two  material  compositions  that  have  the  same  lattice  constant  but  different  band- 
pp  energies  (the  band-gap  differences  arc  used  to  confine  the  charge  earners).  In 
the  ternary  alloy  GaAIAs  the  band-gap  energy  Et  and  the  crystal  lattice  spacing  aQ 
are  determined  by  the  dashed  line  in  Fig.  4-13  that  connects  the  materials  GaAs 
(£,  - 1.43  eV  and  tio  = 5.64  A)  and  AlAs  ( Et  = 2.16  eV  and  ao  = 5.66  A).  The 
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Relationships  between  the  crystal 
tallioc  spacing,  energy  gap,  and 
diode  emission  wavelength  at 
room  temperature  The  shaded 
area  is  for  (he  quaternary  alloy 
InGaAsP  The  asterisk  (*t  is  far 
ln>i«Gau  jAs«  iiPbh  (£,  =»  I 1 
eV)  lattice-matched  lo  InP 
(Used  with  permission  from 
Optical  Fibre  Commwt/catkuu  by 
Tech  Staff  of  CSELT,  t 1980, 
McGraw-Hill  Book  Company  i 
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energy  gap  in  electron  volts  for  values  of  x between  zero  and  0.37  (the  direct- 
band-gap  region)  can  be  found  from  the  empirical  equation1 

Et  = 1 .424  + I 266-t  + 0.266.V2  (4-4) 

Given  the  value  of  Et  in  electron  volts,  the  peak  emission  wavelength  in  micro- 
meters is  found  from  Eq.  (4-3). 

MB  Example  4-3.  Consider  a Gai-,AI,As  User  with  x — 0.07.  From  Eq.  (4-4).  we  havr 
E,  = 1.51  cV.  so  that  Eq.  (4-3)  yields  X = 0.82  /mi 

The  band-gap  energy  and  lattice-constant  range  for  the  quaternary  alloy 
InGaAsP  arc  much  larger,  as  shown  by  the  shaded  area  in  Fig.  4-13.  These 
materials  arc  generally  grown  on  an  InP  substrate,  so  that  lattice-matched  con- 
figurations are  obtained  by  selecting  a compositional  point  along  the  top  dnshed 
line  in  Fig.  4-13,  which  passes  through  the  InP  point.  Along  this  line,  the  compo- 
sitional parameters  x and  y follow  the  relationship  y 2:  2.20.T  with  0 < .r  < 0.47 
For  Ini-,GasAs,.P|-,  compositions  that  arc  lattice-matched  to  InP.  the  band  gup 
in  cV  varies  as 

£,=  1.35- 0.72y  + 0.12/  (4-5) 

Band-gap  wavelengths  from  0.92  to  1.65/im  arc  covered  by  this  material  system. 

MB  Example  4-4.  Consider  the  alloy  Inn nGnn uAin  rrPn ^ (i.e.,  x = 0.26  and  y = 0 57). 
Then,  from  Eq  (4-5).  wc  have  E,  = 0.97  cV.  to  that  Eq.  (4-3)  yields  X = t.27/im 

Whereas  the  FWHM  power  spectral  widths  of  LEDs  in  the  800-nm  region  arc 
around  35  nm.  this  increases  in  longer-wuvelcngth  materials.  For  devices  operat- 
ing in  the  I300-to-1600-nm  region,  the  spectral  widths  vary  from  around  70  to  180 
nm.  Figure  4-14  shows  an  example  for  devices  emitting  at  1300  nm.  In  addition,  as 
Fig.  4-14  shows,  the  output  spectral  widths  of  surface-emitting  LEDs  tend  to  be 
broader  than  those  of  edge-emitting  LEDs  because  of  different  internal-absorp- 
tion effects  of  the  emitted  light  in  the  two  device  structures. 

4.2.3  Quantum  Efficiency  and  LED  Power 

An  excess  of  electrons  and  holes  in  p-  and  n-type  material,  respectively  (referred  to 
as  minority  carrier?)  is  created  in  a semiconductor  light  source  by  carrier  injection 
at  the  device  coniucts  The  excess  densities  of  electrons  n and  holes  p nre  equal, 
since  the  injected  carriers  are  formed  and  recombine  in  pairs  in  accordance  with 
the  requirement  for  charge  neutrality  in  the  crystal.  When  carrier  injection  stops, 
the  earner  density  returns  to  the  equilibrium  value.  In  general,  the  excess  earner 
density  decays  exponentially  with  time  according  to  the  relation 

n=V“'/f  (4**) 

where  rip  is  the  initial  injected  excess  electron  density  and  the  time  constant  r is  the 
carrier  lifetime.  This  lifetime  is  one  of  the  most  important  operating  parameters  of 


*3  UGHT  I MITT1M1  WOOESllEIta)  157 


FIGURE  4-14 

Typical  upcclral  patterns  for  edge -emitting  and  surface-emitting  LH>«  at  1310  nm  The  paitcmt 
tuiuden  with  increasing  wavelength  and  are  wider  foi  surface  emitters 


an  electro-optic  device  Its  value  can  range  from  milliseconds  to  fractions  of  a 
nanosecond  depending  on  material  composition  and  device  defects. 

The  excess  carriers  can  recombine  either  radiativcly  or  nonradiutivcly.  In 
radiative  recombination  a photon  of  energy  /n».  which  is  approximately  equal  to 
the  band-gap  energy,  is  emitted  Nonradiutive  recombination  effects  include  opti- 
cal absorption  in  the  active  region  (self-absorption),  currier  recombination  ut  the 
hetcrostructure  interfaces,  and  the  Auger  process  in  which  the  energy  released 
during  an  electron -hole  recombination  is  transferred  to  another  carrier  in  the 
form  of  kinetic  energy. 

When  there  is  a constant  current  flow  into  an  L.RD,  an  equilibrium  condi- 
tion is  established.  That  is,  the  excess  density  of  electrons  n and  holes  p is  equal 
once  the  injected  carriers  arc  created  and  recombined  in  pairs  such  that  charge 
neutrality  is  maintained  within  the  device.  The  total  rate  at  which  carriers  arc 
generated  is  the  sum  of  the  externally  supplied  and  the  thermally  generated  rates 
The  cxtcmully  supplied  rate  is  given  by  J/qd.  where  J is  the  current  density  in 
i</cnr.  q is  the  electron  charge,  and  J is  the  thickness  of  the  recombination 
region  The  thermal  generation  rate  is  given  by  n/r.  lienee,  the  rate  equation 
for  carrier  recombination  in  an  LED  can  be  written  as 


dn  J n 
di  qJ  r 


(4-7) 


V 


The  equilibrium  condition  is  found  by  setting  Eq.  (4-7)  equal  to  zero,  yielding 


J r 

n ~ ¥ 


(4-8) 


158 


omiAL  sources 


This  relationship  gives  the  steady-state  electron  density  in  the  active  region  when  a 
constant  current  is  flowing  through  it. 

The  internal  quantunt  efficiency  in  the  active  region  is  the  fraction  of  the 
electron  hole  pairs  that  recombine  radiativcly.  If  the  radiative  recombination  rate 
is  R,  and  the  nonradiativc  recombination  rate  is  Rn,.  then  the  internal  quantum 
efficiency  ifa,  is  the  ratio  of  the  radiative  recombination  rate  to  the  total  recom- 
bination rate 


nim 


R, 

Rt  -4-  Rni 


(4-9) 


For  exponential  decay  of  excess  carriers,  the  radiative  recombination  lifetime  » 
rr  = n/R,  and  the  nonradiative  recombination  lifetime  is  rm  = n/R„ r.  Thus,  the 
internal  quantum  cfTiciency  can  be  expressed  as 


I _ r 
'7,m  = l + rr/rnf 


(4-10) 


where  the  bulk  recombination  lifetime  r is 


I 

T 


(4-11) 


In  general.  rr  and  rnr  are  comparable  for  direct-band-gap  semiconductors,  such  as 
GaAlAs  and  InGuAsP  This  also  means  that  R,  and  Rat  are  similar  in  magnitude, 
so  that  the  internal  quantum  efficiency  is  about  50  percent  for  simple  homojunc- 
tion  LEDs  However.  LEDs  having  double-hcterojunction  structures  can  have 
quantum  efficiencies  of  60  80  percent.  This  high  efficiency  is  achieved  because 
the  thin  active  regions  of  these  devices  mitigate  the  self-absorption  effects,  which 
reduces  the  nonradiativc  recombination  rate. 

If  the  current  injected  into  the  LED  is  /,  then  the  total  number  of  recombi- 
nations per  second  is 


Rt  + Rnr  — l I1! 


(4-12) 


Substituting  Eq.  (4-12)  into  Eq.  (4-9)  then  yields  R,  = rjml//?.  Noting  that  R,  is 
the  total  number  of  photons  generated  per  second  and  that  each  photon  has  an 
energy  hv.  then  the  optical  power  generated  internally  to  the  LED  is 


_ 1 u hcI 

f* \tu  — tymt  — 7mi  r* 

V V* 


(4-13) 


Example  4-5.  A double-hcterojunction  InGaAsP  LED  emitting  at  a peak  wave- 
length of  1310  nm  has  radiative  and  nonradiativc  recombination  times  of  30  and 
100  ns.  respectively  The  drive  current  is  40  mA.  From  Eq.  (4-11).  the  bulk  recom- 
bination lifetime  is 


rrrn  30  x 100 
r,  + r„  _ 30  + 100  n‘ 


23.1  ns 
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Using  Eq.  (4-10),  the  internal  quantum  efficiency  is 

23.1 


t,u"  ~x,  ~ 30 


0.77 


Substituting  this  into  Eq  (4-13)  yield*  an  internal  power  level  of 


7m. 


hc[ 


0.77 


(6.6236  u I0-34  J *X3  x I0*tn/*X0.040A) 
(1 .602  x lO-^CXIJl  x lO-'Tn) 


= 29.2  mW 


Not  all  internally  generated  photons  will  exit  the  device.  To  find  the  emitted 
power.  one  needs  to  consider  the  external  ifuantum  efficiency  tk% i.  This  is  defined 
o die  ratio  of  the  photons  emitted  from  the  LED  to  the  number  of  internally 
generated  photons.  To  find  the  external  quantum  efficiency,  we  need  to  take  into 
account  reflection  effects  at  the  surface  of  the  LED.  As  shown  in  Fig  4-15  and 
described  in  Sec.  2.2,  at  the  interface  of  a material  boundary  only  that  fraction  of 
light  falling  within  u cone  defined  by  the  criticul  angle  = jt/2  - 6,  will  cross  the 
interface.  From  Eq.  (2-18).  we  have  that  tfi,  = sin  («:/ri| ) Here,  rt|  is  the  refrac- 
tive index  of  the  semiconductor  material  und  «;  is  the  refractive  index  of  the 
outside  malcriul,  which  nominally  is  air  with  rij  = 1.0.  The  external  quantum 
efficiency  can  then  be  calculated  from  the  expression 

7c*.=^j^  s\n  <p)d<p  (4-14) 

where  is  the  Fresnel  transmission  coefficient  or  Fresnel  transmissivity.  This 
factor  depends  on  the  incidence  angle  </>,  but,  for  simplicity,  we  can  use  the 
expression  for  normal  incidence,  which  is:: 


T(0)  = 


4 

("i  + 


(4-15) 


fid  HI' 4-15 

Only  light  (tiling  within  a nine  defined  by  Ibe  cnticnJ  angle  will  he  emitted  from  an  optical  source. 
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Assuming  the  outside  medium  is  air  and  letting  nt  =n,  we  have 
770)  = 4n/(n  + l)2.  The  external  quantum  efficiency  is  then  approximately 
given  by 


From  this,  it  follows  that 


7m 


I 


n(n  + I)* 

the  optical  power  emitted  from  the  LED  is 
P mi 


P — tlcilP mi 


n(n  4-  l)‘ 


(4-16) 


(4-17) 


Example  4-6.  Assuming  a typical  value  of  n = 3.5  for  the  refractive  index  of  an  LED 
material,  then  from  Eq.  (4-16)  we  obtain  »j„(  = I 41  percent.  This  shows  that  only  i 
small  fraction  of  (he  internally  generated  optical  power  is  emitted  from  the  device 


4.2.4  Modulation  of  an  LED 

The  frequency  response  of  an  LED  is  largely  determined  by  the  following  three 
factors:  the  doping  level  in  the  active  region,  the  injected  carrier  lifetime  r,  in  the 
recombination  region,  and  the  parasitic  capacitance  of  the  LED  If  the  drive 
current  is  modulated  at  a frequency  w,  the  optical  output  power  of  the  device 
will  vary  as2423 

7»(6,)«J>*[l+<«r,),]"l/*  (4-18) 

where  P0  is  the  power  emitted  at  zero  modulation  frequency  The  parasitic  capa- 
citance can  cause  a delay  of  the  carrier  injection  into  the  uctivc  junction,  and, 
consequently,  could  delay  the  optical  output.2677  This  delay  is  negligible  if  u 
small,  constant  forward  bias  is  applied  to  the  diode.  Under  this  condition,  Eq. 
(4-18)  ts  valid  und  the  modulation  response  is  limited  only  by  the  carrier  recom- 
bination time. 

The  modulation  bandwidth  of  an  LED  can  be  defined  in  either  electrical  or 
optical  terms.  Normally,  electrical  terms  arc  used  since  the  bandwidth  is  actually 
determined  via  the  associated  electrical  circuitry.  Thus,  the  modulation  band- 
width is  defined  as  the  point  where  the  electrical  signal  power,  designated  by 
(Hoj),  has  dropped  to  half  its  constant  value  resulting  from  the  modulated  portion 
of  the  optical  signal.  This  is  the  electrical  3-dB  point;  that  is,  the  frequency  at 
which  the  output  electrical  power  is  reduced  by  3 dB  with  respect  to  the  input 
electrical  power,  us  is  illustrated  in  Fig.  4-16. 

Since  an  optical  source  exhibits  a linear  relationship  between  light  power 
and  current,  currents  rather  than  voltages  (which  are  used  in  electrical  systems) 
arc  compared  in  optical  systems.  Thus,  since  p(a>)  = l:(w)/R,  the  ratio  of  the 
output  electrical  power  at  the  frequency  w to  the  power  at  zero  modulation  is 

IMI  - ",io,[^]  ■ 


(4-19) 


« i i.Mm  moors 
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Frequency  roponie  of  an  optical  louicc  nhowin*  the  electrical  and  optical  l-dB-bandwullh  poult. 


where  /(<«)  is  ihe  electrical  current  in  the  detection  circuitry.  The  electrical  3-dB 
potnl  occurs  at  Ihut  frequency  point  where  the  detected  electrical  power 
/>(w)  = pi 0)/2.  This  happens  when 


or  Hw)/l(0)  = l/y/2  = 0.707. 

Sometimes,  the  modulation  bandwidth  of  an  LED  is  given  in  terms  of  the  .3- 
dB  bandwidth  of  the  modulated  optical  power  P{ut)\  that  is,  it  is  specified  at  the 
frequency  where  Pico)  = Pa/2.  In  this  case,  the  3-dB  bandwidth  is  delermincd 
from  ihe  ratio  of  the  optical  power  at  frequency  a>  to  the  unmodulated  value  of 
ihe  optical  power  Since  the  detected  current  is  directly  proportional  to  the  optical 
power,  this  ratio  is 

The  optical  3-dB  point  occurs  at  that  frequency  where  the  ratio  of  the  currents  is 
equal  to  1/2.  As  shown  in  Fig.  4-16.  this  gives  an  inflated  value  of  the  modulation 
bandwidth,  which  corresponds  to  an  electrical  power  attenuation  of  6 dB. 


/:M  _ 1 
/:(0)  2 


(4-20) 


4.3  LASER  DIODES 

Lasers  come  in  many  forms  with  dimensions  ranging  from  the  size  of  a grain  of 
sail  to  one  that  will  occupy  an  entire  room.  The  lasing  medium  can  be  a gas,  a 
liquid,  an  insulating  crystal  (solid  state),  or  a semiconductor.  For  optical  fiber 
systems  the  laser  sources  used  almost  exclusively  arc  semiconductor  laser  diodes. 
They  arc  similar  to  other  lasers,  such  as  the  conventional  solid-state  and  gas 
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lawn,  in  that  the  emitted  radiation  has  spatial  and  temporal  coherence;  that  is. 
the  output  radiation  is  highly  monochromatic  and  the  light  beam  is  very  direc- 
tional. 

Despite  their  differences,  the  basic  principle  of  operation  is  the  same  for 
each  type  of  laser  Laser  action  is  the  result  of  three  key  processes:  photon 
absorption,  spontaneous  emission,  and  stimulated  emission.  These  three  processes 
are  represented  by  the  simple  two-cncrgy-lcvcl  diagrams  in  Fig.  4-17,  where  E\  is 
(he  ground-state  energy  and  £*  is  the  excited-slate  energy.  According  to  Planck's 
law,  a transition  between  these  two  states  involves  the  absorption  or  emission  of  a 
photon  of  energy  hvti  = £2  - £|.  Normally,  the  system  is  in  the  group  stale. 
When  a photon  of  energy  Ai>u  impinges  on  the  system,  an  electron  in  stale  F.\ 
can  absorb  the  photon  energy  and  be  excited  to  state  £j.  as  shown  in  Fig  4-17 a 
Since  this  is  an  unstable  state,  the  electron  will  shortly  return  to  the  ground  state, 
thereby  emitting  a photon  of  energy  Avij  This  occurs  without  any  external  stim- 
ulation and  is  called  spontaneous  emission  These  emissions  urc  isotropic  and  of 
random  phase,  and  thus  appear  as  a narrowband  gaussian  output. 

The  electron  can  also  be  induced  to  make  a downward  transition  from  the 
excited  level  to  the  ground-stale  level  by  an  external  stimulation.  As  shown  in  Fig. 
4- 1 7c.  if  a photon  of  energy  hv |2  impinges  on  the  system  while  the  electron  is  still 
in  its  excited  stute,  the  electron  is  immediately  stimulated  to  drop  to  the  ground 
state  and  give  off  a photon  of  energy  Avij.  This  emitted  photon  is  in  phase  with 
the  incident  photon,  and  the  resultant  emission  is  known  as  stimulated  emission 

In  thermal  equilibrium  the  density  of  excited  electrons  is  very  small.  Most 
photons  incident  on  the  system  will  therefore  be  absorbed,  so  that  stimulated 
emission  is  essentially  negligible.  Stimulated  emission  will  exceed  absorption 
only  if  the  population  of  the  excited  states  is  greater  than  that  of  the  ground 
slate  This  condition  is  known  as  population  inversion.  Since  this  is  not  an  equili- 
brium condition,  population  inversion  is  achieved  by  various  "pumping"  tech- 
niques. In  a semiconductor  laser,  population  inversion  is  accomplished  hy 
injecting  electrons  into  the  material  at  the  device  contacts  to  fill  the  tower  energy 
states  of  the  conduction  band. 
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HGL  Ri:  4-17 

The  three  key  transition  processes  involved  in  laser  action  The  open  circle  represent*  the  initial  state  of 
the  electron  and  Ihc  filled  arete  represent*  the  final  Male  Incident  photon*  are  shown  on  the  left  o| 
each  diagram  and  emitted  photons  are  shown  on  the  right 
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4.3.1  Laser  Diode  Modes  and  Threshold 
Conditions 

For  optical  fiber  communication  systems  requiring  band  widths  greater  than 
approximately  200  MHz.  the  semiconductor  injection  laser  diode  is  preferred 
over  the  LED.  Laser  diodes  typically  have  response  times  less  than  1 ns,  have 
opucal  bandwidths  of  2 nm  or  less.  and.  in  general,  are  capable  of  coupling  several 
tens  of  milliwatts  of  useful  luminescent  power  into  optical  fibers  with  small  cores 
ami  small  mode-field  diameters.  Virtually  all  luser  diodes  in  use  are  multilayered 
heterojunction  devices.  As  mentioned  in  See.  4.2.  the  doublc-hcterojunction  LED 
configuration  evolved  from  the  successful  demonstration  of  both  carrier  and 
optical  confinement  in  heterojunction  injection  laser  diodes.  The  more  rapid 
evolvemcnt  and  utilization  of  LEDs  as  compared  with  laser  diodes  lies  in  the 
inherently  simpler  construction,  the  smaller  temperuture  dependence  of  the 
emitted  optical  power,  and  the  absence  of  catastrophic  degradation  in  LEDs 
(see  See  4.5).  The  construction  of  laser  diodes  is  more  complicated,  mainly 
because  of  the  additional  requirement  of  current  confinement  in  a small  lasing 
cavity. 

Stimulated  emission  in  semiconductor  lasers  arises  from  optical  transitions 
between  distributions  of  energy  states  in  the  valence  and  conduction  bands.  This 
differs  from  gas  and  solid-state  lasers,  in  which  radiative  transitions  occur 
between  discrete  isolated  atomic  or  molecular  levels.  The  radiation  in  the  laser 
diode  is  generated  within  a Fabry-Perot  resonator  cuvity.'"3  shown  in  Fig.  4-18.  as 


FIGl  RE  4-18 

Fsbry-Perol  resonator  cavity  for  a laser  diode  The  cleaved  crystal  ends  function  as  partially  reflecting  mirrors  The  unused 
eml  (the  real  facet ) can  he  coaled  with  a dielectric  reflector  lo  reduce  optical  loss  m the  cavity.  Note  that  Ihe  light  beam 
emerging  from  Ihe  User  forms  a vertical  ellipse,  even  though  Ihe  Using  spot  at  the  active-area  facet  is  a horizontal  ellipse 
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in  most  other  types  of  lasers  However,  this  cavity  is  much  smaller,  being  approxi- 
mutely  250-500 (im  long.  5-15/rm  wide,  and  0. 1-0.2 /im  thick.  These  dimensions 
ure  commonly  referred  to  as  the  longitudinal,  lateral,  and  (tans verse  dimensions  of 
the  cavity,  respectively. 

In  the  laser  diode  Fabry-Pcrot  resonator,  a pair  of  flat,  partially  reflecting 
mirrors  are  directed  toward  each  other  to  enclose  the  cavity.  The  mirror  facets  arc 
constructed  by  making  two  parallel  clefts  along  natural  cleavage  planes  of  the 
semiconductor  crystal.  The  purpose  of  these  mirrors  is  to  provide  strong  optical 
feedback  in  the  longitudinal  direction,  thereby  converting  the  device  into  an 
oscillator  with  a gain  mechanism  that  compensates  for  optical  losses  in  the  cavity 
The  laser  cavity  can  huve  many  resonant  frequencies.  The  device  will  oscillate 
(thereby  emitting  light)  at  those  resonant  frequencies  for  which  the  gain  is  suffi- 
cient to  overcome  the  losses.  The  sides  of  the  cavity  arc  simply  formed  by  rough- 
ening the  edges  of  the  device  to  reduce  unwanted  emissions  in  these  directions 

In  another  luser  diode  type,  commonly  referred  to  as  the  distributed-feed- 
back (DFB)  laser, , t the  cleaved  facets  arc  not  required  for  optical  feedback 

A typical  DFB  laser  configuration  is  shown  in  Fig.  4-19.  The  fabrication  of  this 
device  is  similar  to  the  Fabry-Perot  types,  except  that  the  lasing  action  is  obtained 
from  Bragg  reflectors  (gratings)  or  periodic  variations  of  the  refractive  index 
(called  distributed-feedback  corrugations),  which  are  incorporated  into  the  multi- 
luyer  structure  along  the  length  of  the  diode.  This  is  discussed  in  more  detail  in 
Sec.  4.3.6. 

In  general,  the  full  optical  output  is  needed  only  from  the  front  face!  of  the 
laser  that  is.  the  one  to  be  aligned  with  an  optical  fiber.  In  this  case,  a dielectric 
reflector  can  be  deposited  on  the  rear  laser  fucet  to  reduce  the  optical  loss  in  the 
cavity,  to  reduce  the  threshold  current  density  (the  point  at  which  lasing  starts), 
and  to  increase  the  external  quantum  efficiency.  Reflectivities  greater  than  98 
percent  have  been  achieved  with  a six-layer  reflector  ’1 

The  optical  radiation  within  the  resonance  cavity  of  a laser  diode  sets  up  a 
pattern  of  electric  and  magnetic  field  lines  called  the  modes  of  the  cavity  (sec  Secs 
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2,3  and  2 4 for  details  on  modes).  These  can  conveniently  be  separated  into  two 
independent  sets  of  transverse  electric  (TE)  and  transverse  magnetic  (TM)  modes. 
Each  set  of  modes  can  be  described  in  terms  of  the  longitudinal,  lateral,  and 
train  verse  half-sinusoidal  variations  of  the  electromagnetic  Helds  along  the 
major  axes  of  the  cavity.  The  longitudinal  modes  are  related  to  the  length  L of 
the  cavity  and  determine  the  principal  structure  of  the  frequency  spectrum  of  the 
emitted  optical  radiation.  Since  L is  much  larger  than  the  lasing  wavelength  of 
approximately  1 #itn.  many  longitudinal  modes  can  exist.  Lateral  modes  lie  in  the 
plane  of  the  /injunction.  These  modes  depend  on  the  side  wall  preparation  and  the 
width  of  the  cavity,  and  determine  the  shape  of  the  lateral  profile  of  the  laser 
beam  Transverse  modes  arc  associated  with  the  electromagnetic  field  and  beam 
profile  in  the  direction  perpendicular  to  the  plane  of  (he  pn  junction.  These  modes 
are  of  great  importance,  since  they  largely  determine  such  laser  characteristics  as 
the  radiation  pattern  (the  angular  distribution  of  the  optical  output  power)  and 
the  threshold  current  density. 

To  determine  the  lasing  conditions  and  the  resonant  frequencies,  we  express 
the  electromagnetic  wave  propagating  in  the  longitudinal  direction  (along  the  axis 
normal  to  the  mirrors)  in  terms  of  the  electric  field  phasor 

£(z.  /)  m /(?)  e***-™  (4-22) 

where  /(;)  is  the  optical  field  intensity,  w is  the  optical  radian  frequency,  and  is 
the  propagation  constant  (see  Sec.  2.3.2). 

Lasing  is  the  condition  at  which  light  amplification  becomes  possible  in  the 
User  diode  The  requirement  for  lasing  is  that  a population  inversion  be  achieved. 
This  condition  can  be  understood  by  considering  the  fundamental  relationship 
between  the  optical  field  intcasity  /.  the  absorption  coefficient  ax.  and  the  gain 
coefficient  g in  the  Fabry-Pcrot  cavity.  The  stimulated  emission  rate  into  a given 
mode  is  proportional  to  the  intensity  of  the  radiation  in  that  mode.  The  radiation 
intensity  at  a photon  energy  he  vanes  exponentially  with  the  distance  r that  it 
traverses  along  the  lasing  cavity  according  to  the  relationship 

f(r)  = /(0)cxp{|r|f<M  - ff(Av)Jr)  (4-23) 

where  d is  the  effective  absorption  coefficient  of  the  material  in  the  optical  path 
and  T is  the  optical-field  confinement  factor  that  is,  the  fraction  of  optical  power 
in  the  active  layer  (see  Prob.  4-11  concerning  details  of  transverse  and  lateral 
optical-field  confinement  factors). 

Optical  amplification  of  selected  modes  is  provided  by  the  feedback  mechun- 
tsm  of  the  optical  cavity.  In  the  repeated  passes  between  the  two  partially  reflect- 
ing parallel  mirrors,  a portion  of  the  radiation  associated  with  those  modes  that 
have  the  highest  optical  gain  coefficient  is  retained  and  further  amplified  during 
each  tnp  through  the  cavity. 

Lasing  occurs  when  the  gain  of  one  or  several  guided  modes  is  sufficient  to 
exceed  the  optical  loss  during  one  roundtrip  through  the  cavity;  that  is,  r = 1L. 
During  this  roundtrip,  only  the  fractions  Ri  and  /N  of  the  optical  radiation  are 
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reflected  from  the  two  laser  ends  1 and  2,  respectively,  where  R\  and  /?:  arc  the 
mirror  reflectivities  or  Fresnel  reflection  coefficients,  which  are  given  by 


for  the  reflection  of  light  at  an  interface  between  two  materials  having  refractive 
indices  >u  and  nj.  From  this  lasing  condition,  Eq.  (4-23)  becomes 

K2L)  = /«))*,  cxp|20rjf(hv)  - «K/>v)]}  (4-25) 

At  the  lusing  threshold,  a steady-state  oscillation  takes  place,  and  the  mag- 
nitude and  phase  of  the  returned  wave  must  be  equal  to  those  of  the  original  wave 
This  gives  the  conditions 

H2L)  = /CO)  (4-26) 

for  the  amplitude  and 

e-Mt-  = I (4-27) 

for  the  phase  Equation  (4-27)  gives  information  concerning  the  resonant  frequen- 
cies of  the  Fabry-Pcrot  cavity.  This  is  discussed  further  in  See.  4.3.2.  From  Eq 
(4-26).  we  can  find  which  modes  have  sufficient  gain  for  sustained  oscillation  and 
we  can  find  the  amplitudes  of  these  modes.  The  condition  to  just  reach  the  lasing 
threshold  is  the  point  at  which  the  optical  gain  is  equal  to  the  total  loss  a,  in  the 
cavity  From  Eq.  (4-26).  this  condition  is 

rgu,  =a,  = a + ^ln^^-j  =«  + «twt  (4-28) 

where  ormij  is  the  mirror  loss  in  the  lasing  cavity.  Thus,  for  lasing  to  occur,  we  must 
have  the  gain  jj  > gu,.  This  means  that  the  pumping  source  that  maintains  the 
population  inversion  must  be  sufficiently  strong  to  support  or  exceed  all  the 
energy-consuming  mechanisms  within  the  lasing  cavity. 


■■  Example  4-7.  For  GuAs.  Ki  — Rj  = 0 32  for  unearned  facets  (i.e.,  32  percent  of  the 
radiation  is  reflected  at  a facet)  and  a ~ 10cm'1.  This  yields  r>,h  = 33  cm1  for* 
laser  diode  of  length  L = 500; mi 

The  mode  that  satisfies  Eq.  (4-28)  reaches  threshold  first.  Theoretically,  at 
the  onset  of  this  condition,  all  additional  energy  introduced  into  the  laser  should 
augment  the  growth  of  this  particular  inode.  In  practice,  various  phenomena  lead 
to  the  excitation  of  more  than  one  mode.1  Studies  on  the  conditions  of  lonp- 
tudinal  single-mode  operation  have  shown  that  important  factors  arc  thin  active 
regions  and  a high  degree  of  temperature  stability. 

The  relationship  between  optical  output  power  and  diode  drive  current  is 
presented  ' ' ' ■ ' ' ••  > > > > > > > > > > * • 

y 3*  * x-  v v,  sr-  x v v v y y * v s • • r • :•  “*■  ■ y :■  y r • :•  : : : v : v :■  : y v v >■  v v v v v V v y y y y y y y y y y y ?•  y • 
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(4-46) 


Thus,  given  Eqs.  (4-41)  and  (4-46),  the  output  spectrum  of  a multimode  laser 
follow's  the  typical  gain-vcrsus-frcquency  plot  given  in  Fig.  4-21,  where  the 
exact  number  of  modes,  their  heights,  and  their  spacings  depend  on  the  laser 
construction 


Example  44t.  A GaAs  laser  operaung  at  850  nm  has  a 500- ;un  length  und  a refrac- 
tive index  n = 3.7  What  are  the  frequency  and  wavelength  spacings  If,  at  the  half- 
power  point.  A,  — Xo  = 2 mn,  what  is  the  spectral  width  <»  of  the  gain? 

From  Eq.  (4-45)  we  have  Av  = 81  GHz.  and  from  Eq.  (4-46)  we  find  that 
AX  =0.2  nm  Using  Eq  (4-4 1 ) with  g(X)  = 0.5g(0)  yields  a = 1.70  nm. 


4.3.5  Laser  Diode  Structures  and  Radiation 
Patterns 

A basic  requirement  for  efficient  operation  of  laser  diodes  is  that,  in  addition  to 
transverse  optical  and  earner  confinement  between  heterojunction  layers,  the 
current  (low  must  be  restricted  laterally  to  a nareow  stripe  along  the  length  of 
the  laser  Numerous  novel  methods  of  achieving  this,  with  varying  degrees  of 
success,  have  been  proposed,  but  all  strive  for  the  same  goals  of  limiting  the 
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FIGURE  4-21 

Typical  xpectnim  from  u gun-guided  GiAlAs.'GaAs  laser  diode  (Reproduced  with  permiMJon  from 
K Peterman  and  G.  Arnold.  IEEE  J Quantum  Electron  . vol  18.  pp  543-555.  Apr  19*2.  © 1982. 
IEEE  I 
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number  of  luterul  modes  so  that  lasing  is  confined  to  a single  filament,  stabilizing 
the  lateral  gain,  and  ensuring  a relatively  low  threshold  current. 

Figure  4-22  shows  the  three  basic  optical-confinement  methods  used  for 
bounding  laser  light  in  the  lateral  direction.*  In  the  first  structure,  a narrow 
electrode  stripe  (less  than  8/im  wide)  runs  along  the  length  of  the  diode  The 
injection  of  electrons  and  holes  into  the  device  alters  the  refractive  index  of  the 
active  layer  directly  below  the  stripe.  The  profile  of  these  injected  carriers  creates  i 
weak,  complex  waveguide  that  confines  the  light  laterally.  This  type  of  device  u 
commonly  referred  to  os  a gain-guided  laser  Although  these  lasers  can  emit 
optical  powers  exceeding  100  mW.  they  have  strong  instabilities  and  can  have 
highly  astigmatic,  two-pcakcd  beams  as  shown  in  Fig.  4-22a. 

More  stable  structures  use  the  configurations  shown  in  Fig.  4-22A  and  t. 
Here,  dielectric  waveguide  structures  are  fabricated  in  the  lateral  direction  The 
variations  in  the  real  refractive  index  of  the  various  materials  in  these  structures 
control  the  lateral  modes  in  the  laser.  Thus,  these  devices  are  called  tndex-guulfd 
lasers  If  a particular  index-guided  laser  supports  only  the  fundamental  transverse 
mode  and  the  fundamental  longitudinal  mode,  it  is  known  as  a single-mode  laser. 
Such  a device  emits  a single,  well-collimated  beam  of  light  that  has  an  intensity 
profile  which  is  a bell-shaped  gaussian  curve. 

Index-guided  lasers  can  have  either  positive-index  or  negative-index  wave- 
confining  structures  In  a positive-index  waveguide,  the  central  region  has  u higher 
refractive  index  than  the  outer  regions.  Thus,  all  of  the  guided  light  is  reflected  at 


Metallic 


High-refractive-  High-refractrvc- 

index  legions  Low-refractive-  index  region 


index  regions 


light 

path* 


Radiation 

lau 


I ate  rat 
far-ficld 
pattern* 


< a I 


(hi 


(c) 


M(.t  Ml  4-2J 

Three  fundamental  structures  lot  confining  optical  wave*  in  the  latctml  direction  la)  in  the  giun-induccd  guide,  ckcutxu 
injected  via  a metallic  slope  contain  alter  the  index  of  refraction  of  the  active  layer.  (/>)  the  poaitive-indcx  waveguide  hax  a 
higher  refractive  index  in  the  central  portion  of  the  active  region,  (r)  the  negative -index  waveguide  hat  a lower  refractive 
index  in  the  central  portion  of  the  active  rrgion  (Reproduced  with  permission  from  Bole*.1*  © 11X5.  IEEE  I 
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the  dielectric  boundary,  just  as  it  is  at  the  core-cladding  interface  in  an  optical 
fiber.  By  proper  choice  of  the  change  in  refractive  index  and  the  width  of  the 
higher-index  region,  one  can  make  a device  that  supports  only  the  fundamental 
lateral  mode. 

In  a negatiw-inde.x  waveguide,  the  central  region  of  the  active  luycr  has  a 
lower  refractive  index  than  the  outer  regions.  At  the  dielectric  boundaries,  part  of 
the  light  is  reflected  and  the  rest  is  refracted  into  the  surrounding  material  and  is 
thus  lost  This  radiation  loss  appears  in  the  far-fiekl  radiation  pattern  as  narrow 
side  lobes  to  the  main  beam,  as  shown  in  Fig.  4-22e.  Since  the  fundamental  mode 
in  this  device  has  less  radiation  loss  than  any  other  mode,  it  is  the  first  to  lasc  The 
positive-index  laser  is  the  more  popular  of  these  two  structures. 

Index-guided  lasers  can  be  made  using  any  one  of  four  fundamental  struc- 
tures These  are  the  buried  heterostructure,  a selectively  diffused  construction,  a 
viirying-thickness  structure,  and  a bent-layer  configuration.  To  make  the  huried 
hrterostrvriure  (BH)  laser  shown  in  Fig.  4-23.  one  etches  a narrow  mesa  stripe 
|l  2/im  wide)  in  doublc-hcterostructure  material.  The  mesa  is  then  embedded  in 
high-resistivity  lattice-matched  n-type  material  with  an  appropriate  band  gap  and 
low  refractive  index.  This  material  is  GaAlAs  in  80G-to-900-nm  lasers  with  a GaAs 
active  layer,  and  is  InP  for  1300-to-1600-nm  lasers  with  an  InGaAsP  active  layer. 
This  configuration  thus  strongly  traps  generated  light  in  a lateral  waveguide.  A 
number  of  variations  of  this  fundamental  structure  have  been  used  to  fabricate 
high-performing  laser  diodes.*1-7 
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The  selectively  diffused  construction  is  shown  in  Fig.  4-24 a.  Here,  a chcmiu 
dopant,  such  as  zinc  for  GaAlAs  lasers  and  cadmium  for  InGaAsP  lasers,  s 
diffused  into  the  active  layer  immediately  below  the  metallic  contact  stripe.  The 
dopant  changes  the  refractive  index  of  the  active  layer  to  form  a lateral  wavcguidr 
channel.  In  the  varylng-thlckness  structure  shown  in  Fig.  4-246.  a channel  (« 
other  topological  configuration,  such  as  a mesa  or  terrace)  is  etched  into  the 
substrate.  Layers  of  crystal  are  then  regrown  into  the  channel  using  liquid- 
phase  epitaxy.  This  process  fills  in  the  depressions  and  partially  dissolves  the 
protrusions,  thereby  creating  variations  in  the  thicknesses  of  the  active  and  con- 
fining layers.  When  an  optica!  wave  encounters  a local  increase  in  the  thickness,  u 
shown  in  Fig.  4-246.  the  thicker  area  acts  as  a positive-index  waveguide  of  higher- 
index  material.  In  the  heni-laver  structure,  a mesa  is  etched  into  the  substrate  u 
shown  in  Fig.  4- 24c  Semiconductor  material  layers  are  grown  onto  this  structure 
using  vapor-phase  epitaxy  to  exactly  replicate  the  mesa  configuration  The  active 
layer  has  a constant  thickness  with  lateral  bends.  As  an  optical  wave  travels  aloof 
the  fiat  top  of  the  mesa  in  the  active  area,  the  lower-index  material  outside  of  the 
bends  confines  the  light  along  this  lateral  channel 

In  addition  to  confining  the  optical  wave  to  a narrow  lateral  stripe  to 
achieve  continuous  high  optical  output  power,  one  also  needs  to  restrict  the 
drive  current  tightly  to  the  active  layer  so  more  than  60  percent  of  the  currem 
contributes  to  lasing.  Figure  4-25  shows  the  four  basic  current-confinement  noth 
mis.  In  each  method,  the  device  architecture  blocks  current  on  both  sides  of  the 
lasing  region  This  is  achieved  either  by  high-resistivity  regions  or  by  reverse- 
biased  pn  junctions,  which  prevent  the  current  from  flowing  while  the  device  i> 
forward-biased  under  normal  conditions.  For  structures  with  a continuous  active 
layer,  the  current  can  be  confined  either  above  or  below  the  lasing  region.  The 
diodes  arc  forward-biased  so  that  current  travels  from  the  p- type  to  the  n-type 
regions.  In  the  preferential-dopant  diffusion  method,  partially  diffusing  a p-type 
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FIGURE  4-24 

Pfnitive-indct  opucal-wavc-oonfmmjt  structure  of  the  (a)  selectively  diffused,  (b)  verymg-lhicknm 
and  (<•>  hem- layer  types.  (Adapted  with  permission  from  Bo  ter.'*  © 19*5,  IEEE.) 
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dopant  (Zn  or  Cd)  through  an  n-type  capping  la>cr  establishes  a narrow  path  for 
the  current,  since  back-biased  pn  junctions  block  the  current  outside  the  diffused 
region.  The  proton  implantation  method  creates  regions  of  high  resistivity,  thus 
restricting  the  current  to  a narrow  path  between  these  regions.  The  Inner-stripe 
confinement  technique  grows  the  lasing  structure  above  a channel  etched  into 
planar  material  Back -biased  pn  junctions  restrict  the  current  on  both  sides  of 
the  channel.  When  the  active  layer  is  discontinuous,  as  in  a buned  hctcrostructurc. 
current  can  be  blocked  on  both  sides  of  the  mesa  by  growing  pn  junctions  that  arc 
reverse-biased  when  the  device  is  operating.  A laser  diode  can  use  more  than  one 
current-confining  technique 

In  a doublc-hctcrojunction  laser,  the  highest -order  transverse  mode  that  can 
he  excited  depends  on  the  waveguide  thickness  and  on  the  refractive-index  differ- 
entials at  the  waveguide  boundaries.1  If  the  refractive-index  differentials  are  kept 
at  approximately  0.0#.  then  only  the  fundamental  transverse  mode  will  propagate 
if  the  active  area  is  thinner  than  I ;im 

When  designing  the  width  and  thickness  of  the  optical  cavity,  a tradeoff 
must  be  made  between  current  density  and  output  beam  width  As  cither  the 
width  or  the  thickness  of  the  active  region  is  increased,  u narrowing  occurs  of 
the  lateral  or  transverse  beam  widths,  respectively,  but  at  the  expense  of  an 
increase  in  the  threshold  current  density.  Most  positive-index  waveguide  devices 
having  a lasing  spot  3/im  wide  by  0.6 am  high.  This  is  significantly  greater  than 
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the  active-layer  thickness,  since  about  half  the  light  travels  in  the  confining  layers 
Such  lasers  can  operate  reliably  only  up  to  continuous-wave  (CW)  output  powers 
of  3-5  mW,  Here,  the  transverse  and  lateral  half-power  beam  widths  shown  in 
Fig.  4-18  are  about  9X  :s  >0-50°  and  0|  ~ 5-10- . respectively. 

Although  the  active  layer  in  a standard  double-hctcrostructurc  laser  is  thin 
enough  (1-3  jam)  to  confine  electrons  and  the  optical  field,  the  electronic  und 
optical  properties  remain  the  same  as  in  the  bulk  material  This  limits  the  achiev- 
able threshold  current  density,  modulation  speed,  and  linewidth  of  the  device. 
Quuntum-well  laser*  overcome  these  limitations  by  having  an  active-layer  thick- 
ness around  10  nm.)>B  This  changes  the  electronic  and  optical  properties  dra- 
matically, because  the  dimensionality  of  the  free-elect  ron  motion  is  reduced  from 
three  to  two  dimensions  As  shown  in  Fig.  4-26.  the  restriction  of  the  earner 
motion  normal  to  the  active  layer  results  in  a quantization  of  the  energy  levels 
The  possible  energy-level  transitions  which  lead  to  photon  emission  arc  desig- 
nated by  A £„  (sec  Prob.  4-16).  Both  single  quantum-well  (SQW)  and  multiple 
quantum-well  (MQW)  lasers  have  been  fabricated.  These  structures  contain  single 
and  multiple  active  regions,  respectively.  The  layers  separating  the  active  regions 
are  called  barrier  layers.  The  MQW  lasers  have  a belter  optical-mode  confine- 
ment, which  results  in  a lower  threshold  current  density.  The  wavelength  of  the 
output  light  can  be  changed  by  adjusting  the  layer  thickness  d.  For  example,  in  an 
InGuAs  quantum-well  laser,  the  peak  output  wavelength  moves  from  1550  nm 
when  d = 10  nm  to  1500  nm  when  d = 8 nm. 
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4.3,6  Single-Mode  Lasers 

For  high-speed  long-distance  communications  one  needs  single-mode  lasers, 
which  must  contain  only  a stngle  longitudinal  mode  and  a single  transverse 
mode.  Consequently,  the  spectral  width  of  the  optical  emission  is  very  narrow. 

One  way  of  restricting  a laser  to  have  only  one  longitudinal  mode  is  to 
reduce  the  length  L of  the  losing  cuvity  to  the  point  where  the  frequency  separa- 
tion An  of  the  adjacent  modes  given  in  Eq.  (4-45)  is  larger  than  the  laser  transition 
line  width;  that  is.  only  a single  longitudtnul  mode  fulls  within  the  gain  bandwidth 
of  the  device.  For  example,  for  a Fabry-Perot  cavity,  all  longitudinal  modes  have 
nearly  equal  losses  and  are  spaced  by  about  I nm  in  a 250-pm-long  cavity  at  1300 
nm  By  reducing  L from  250 /im  to  25 gm,  the  mode  spacing  increases  from  I nm 
to  10  nm  However,  these  lengths  make  the  device  hard  to  handle,  and  they  are 
limited  to  optical  output  powers  of  only  a few  milliwatts.3* 

Alternative  devices  were  thus  developed  Among  these  are  vertical-cavity 
surface-emitting  lasers,  structures  that  have  a built-in  frequency-selective  grating, 
and  tunable  lasers.  Here,  we  look  at  the  first  two  structures.  Tunable  lasers  are 
discussed  in  Chap.  10  in  relation  to  their  use  in  multiple-wavelength  optical  links. 
The  special  feature  of  a vertical -cavity  surface-emitting  laser  (abbreviated  as 
VCSEL  or  VCL)37*41  is  that  the  light  emission  is  perpendicular  to  the  semicon- 
ductor surface,  as  shown  in  Fig.  4-27  This  feature  facilitates  the  integration  of 
multiple  lasers  onto  a single  chip  in  one-  or  two-dimensional  urrays,  which  makes 
them  attractive  for  wavelcngth-division-multiplcxing  applications.  The  active- 
region  volume  of  these  devices  is  very  small,  which  leads  to  very  low  threshold 
currents  (<I00/lA).  In  addition,  for  an  equivalent  output  power  compared  to 
edge-emitting  lasers,  the  modulation  handwidlhs  are  much  greater,  since  the 
higher  photon  densities  reduce  radiative  lifetimes.  The  mirror  system  used  in 
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VCSELs  is  of  critical  importance,  since  maximum  reflectivity  is  needed  for  effi- 
cient operation.40  Figure  4-27  shows  one  minor  system  that  consists  of  a semi- 
conductor material,  such  as  Si/Si02>  as  one  material  and  an  oxide  layer,  such  as 
Si/AljOj.  as  the  other  material. 

Three  types  of  laser  configurations  using  a built-in  frequency- selective  reflec- 
tor are  shown  in  Fig.  4-28.  In  each  case,  the  frequency-selective  reflector  is  a 
conugated  grating  which  is  a passive  waveguide  layer  adjacent  to  the  active 
region.  The  optical  wave  propagates  parallel  to  this  grating.  The  operation  of 
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these  types  of  losers  is  based  on  the  distributed  Bragg  phase-grating  reflector.*  A 
phase  grating  is  essentially  a region  of  periodically  varying  refractive  index  that 
causes  two  counterpropagating  traveling  waves  to  couple  The  coupling  is  at  a 
maximum  for  wavelengths  close  to  the  Bragg  wavelength  kg,  which  is  related  to 
the  period  A of  the  corrugations  by 


where  n,  is  the  effective  refractive  index  of  the  mode  and  k is  the  order  of  the 
grating  First-order  gratings  {k  = I)  provide  the  strongest  coupling,  but  some- 
times second-order  gratings  arc  used  since  their  larger  corrugation  period 
makes  fabrication  easier  Lasers  based  on  this  architecture  exhibit  good  single- 
mode  longitudinal  operation  with  low  sensitivity  to  drive-current  and  temperature 
variations. 

In  the  distributed-feedback  (DFB)  laser,2*'51  the  grating  for  the  wavelength 
selector  is  formed  over  the  entire  active  region  As  shown  in  Fig.  4-29,  in  an  ideal 
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DFB  laser  the  longitudinal  modes  arc  spaced  symmetrically  around  X*  at  wave- 
lengths  given  by 

>.  = ka±~~(r»  + {)  (4-48) 

where  rw  = 0. 1 , 2, . . . is  the  mode  order  and  L,  is  the  effective  grating  length  The 
amplitudes  of  successively  higher-order  losing  modes  are  greatly  reduced  from  the 
zero-order  amplitude;  for  example,  the  first-order  mode  (m  = 1)  is  usually  more 
than  30  dB  down  from  the  zero-order  amplitude  (m  = 0). 

Theoretically,  in  a DFB  laser  that  has  both  ends  antircflection-coatcd,  the 
two  zero-order  modes  on  either  side  of  the  Bragg  wavelength  should  experience 
the  same  lowest  threshold  gain  and  would  lase  simultaneously  in  an  idealized 
symmetrical  structure.  However,  in  practice,  the  randomness  of  the  cleaving  pro- 
cess lifts  the  degeneracy  in  the  modal  gain  and  results  in  single-mode  operation 
This  facet  asymmetry  can  be  further  increased  by  putting  a high-reflection  coating 
on  one  end  and  a low-reflection  coating  on  the  other,  for  example,  around  2 
percent  on  the  front  facet  and  30  percent  on  the  rear  facet  Variations  on  the 
DFB  design  have  been  the  introduction  of  a ir/2  optical  phase  shift  (i.e.,  a quarter 
wavelength)  in  the  corrugation  at  the  center  of  the  optical  cavity  to  make  the  laser 
oscillate  near  the  Bragg  wavelength,  since  reflections  occur  most  effectively  at  this 
wavelength  i4145 

For  the  distributed-Bragg-reflector  (DBR)  laser.'144'45  the  gratings  are 
located  at  the  ends  of  the  normal  active  layer  of  the  laser  to  replace  the  cleaved 
end  mirrors  used  in  the  Fabry-Perot  optical  resonator  (Fig.  4-28h).  The  distrib- 
uted-reflector laser  consists  of  active  and  passive  distributed  reflectors  (Fig 
4-28c).  This  structure  improves  the  lasing  properties  of  conventional  DFB 
and  DBR  lasers,  and  has  a high  efficiency  and  high  output  capability. 

4.3.7  Modulation  of  Laser  Diodes 

The  process  of  imposing  information  on  a light  stream  is  called  mwlulation  This 
can  be  realized  either  by  directly  varying  the  laser  drive  current  with  the  informa- 
tion stream  to  produce  a varying  optical  output  power,  or  by  using  an  external 
modulator  to  modify  a steady  optical  power  level  emitted  by  the  laser.  External 
modulation  is  needed  for  high-speed  systems  (>  2.5  Gb/s)  to  minimize  undesirable 
nonlinear  effects  such  a chirping  (see  Sec.  12.5).  A variety  of  external  modulators 
arc  commercially  available,  either  as  a separate  device  or  as  an  integral  part  of  the 
laser  transmitter  package*'  The  CD-ROM  contains  a simulation  module  thut 
compares  direct  and  external  modulation  for  various  bit  rates  The  basic  limita- 
tion on  the  direct  modulation  rate  of  laser  diodes  depends  on  the  spontaneous 
(radiative)  and  stimulated  carrier  lifetimes  and  the  photon  lifetime.  The  .sponta- 
neous lifetime  r,p  is  a function  of  the  semiconductor  band  structure  and  the  earner 
concentration.  At  room  temperature  the  radiative  lifetime  r,  is  about  I ns  in 
GaAs-based  matenals  for  dopant  concentrations  on  the  order  of  lO^cm'1. 
The  stimulated  carrier  lifetime  rH  depends  on  the  optica)  density  in  the  lasing 
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cavity  and  is  on  the  order  ol  10  ps  The  photon  lifetime  rph  is  the  average  time  that 
the  photon  resides  in  the  lasing  cavity  before  being  lost  cither  by  absorption  or  by 
emission  through  the  facets.  In  a Fabry-Perot  cavity,  the  photon  lifetime  is1 


Tf*  n(a  + 2Lln  ng* 


(4-49) 


For  a typical  value  of  go,  = 50cm  1 and  a refractive  index  in  the  lasing  material  of 
« = 3.5.  the  photon  lifetime  is  approximately  r,*  = 2 ps  This  value  sets  the  upper 
limit  to  the  direct  modulation  capability  of  the  laser  diode. 

A laser  diode  can  readily  be  pulse-modulated  since  the  photon  lifetime  is 
much  smaller  than  the  carrier  lifetime  If  the  luscr  is  completely  turned  off  uftcr 
each  pulse,  the  spontaneous  carrier  lifetime  will  limit  the  modulation  rate.  This  is 
because,  at  the  onset  of  a current  pulse  of  amplitude  lr,  a period  of  time  tj  given 
by  (see  Prob  4-19) 


tj 


r In 


/(.  + (/*-  Ail) 


(4-50) 


is  needed  to  achieve  the  population  inversion  necessary  to  produce  a gam  that  is 
sufficient  to  overcome  the  optical  losses  in  the  lasing  cavity  In  Eq.  (4-50)  the 
parameter  lg  is  the  bias  current  and  r is  the  average  lifetime  of  the  carriers  in  the 
combination  region  when  the  total  current  / = lr  + /*  is  close  to  Ah-  From  Eq 
(4-50).  it  is  clear  that  the  delay  time  can  be  eliminated  by  de-biasing  the  diode  at  the 
lasing  threshold  current  Pulse  modulation  is  then  carried  out  by  modulating  the 
laser  only  in  the  operating  region  above  threshold.  In  this  region,  the  carrier  life- 
time is  now  shortened  to  the  stimulated  emission  lifetime,  so  that  high  modulation 
rates  are  possible. 

When  using  a directly  modulated  laser  diode  for  high-speed  transmission 
systems,  the  modulation  frequency  can  be  no  larger  than  the  frequency  of  the 
relaxation  oscillations  of  the  laser  field.  The  relaxation  oscillation  depends  on 
both  the  spontaneous  lifetime  and  the  photon  lifetime  Theoretically,  assuming  a 
linear  dependence  of  the  optical  gain  on  carrier  density,  the  relaxation  oscilla- 
tion occurs  approximately  at1 


I I / / \,/2 

Since  is  about  I ns  and  r,*  is  on  the  order  of  2 ps  for  a 300-rim-long  laser,  then 
when  the  injection  current  is  about  twice  the  threshold  current,  the  maximum 
modulation  frequency  is  a few  gigahertz.  An  example  of  u laser  that  has  u relaxa- 
tion-oscillation peak  at  3 GHz  is  shown  in  Fig.  4-30. 

Analog  modulation  of  laser  diodes  is  earned  out  by  making  the  drive  cur- 
rent above  threshold  proportional  to  the  baseband  information  signal.  A require- 
ment for  this  modulation  scheme  is  that  a linear  relation  exist  between  the  light 
output  and  the  current  input  However,  signal  degradation  resulting  from  non- 
linearities  that  arc  a consequence  of  the  transient  response  characteristics  of  laser 
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diodes  makes  the  implementation  of  analog  intensity  modulation  susceptible  to 
both  intermodulation  and  cross-modulation  effects.  This  can  be  alleviated  by 
using  pulse  code  modulation  or  through  special  distortion  compensation  tech- 
niques. as  is  discussed  in  more  detail  in  Sec.  4.4. 


4.3.8  Temperature  Effects 

An  important  factor  to  consider  in  the  application  of  laser  diodes  is  the  tempera- 
ture dependence  of  the  threshold  current  Ah(T).  This  parameter  increases  with 
temperature  in  all  types  of  semiconductor  lasers  because  of  various  comptei 
temperature-dependent  factors.47"*’  The  complexity  of  these  factors  prevents 
the  formulation  of  a single  equation  that  holds  for  ail  devices  and  temperature 
ranges.  However,  the  temperature  variation  of  /u,  can  be  approximated  by  the 
empirical  expression 

/th(n  = /.-  eT,Tt  (4-52) 

where  T0  is  a measure  of  the  relative  temperature  insensitivity  and  [:  is  a constant. 
For  a conventional  stripe-geometry  GaAIAs  laser  diode,  Tq  is  typically  120  I65  C 
in  the  vicinity  of  room  temperature.  An  example  of  u laser  diode  with  T0  - 1 35cC 
and  /.  = 52  A is  shown  in  Fig.  4-31.  The  variation  in  /m  with  temperature  is  0.8 
percent /”C,  as  is  shown  in  Fig.  4-32.  Smaller  dependences  of  /u,  on  temperature 
have  been  demonstrated  for  GaAIAs  quantum-well  heterostructurc  lasers.  For 
these  lasers.  T0  can  be  as  high  as  437UC.  The  temperature  dependence  of  /u,  for 
this  device  is  also  shown  in  Fig.  4-32.  The  threshold  variation  for  this  particular 
laser  type  is  0.23  percent /^C.  Experimental  values47  of  To  for  1300-nm  InGaAsP 
lasers  are  typically  60-80  K (333-353°C). 

For  the  laser  diode  shown  in  Fig.  4-31.  the  threshold  current  increase  by  a 
factor  of  about  1.4  between  20  and  60  C.  In  addition,  the  lasing  threshold  can 
change  as  the  laser  ages.  Consequently,  if  a constant  optical  output  power  level  is 
to  be  maintained  as  the  temperature  of  the  laser  changes  or  as  the  laser  ages,  it  is 
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necessary  to  adjust  the  dc-bias  current  level.  Possible  methods  for  achieving  this 
automatically  arc  optical  feedback  and  feedforward  schemes, 50“M  temperature- 
matching  transistors.54  and  predistortion  techniques.55 

Optical  feedback  can  be  carried  out  by  using  a pholodclector  either  to  sense 
the  variation  in  optical  power  emitted  from  the  rear  facet  of  the  laser  or  to  tap  off 
and  monitor  a small  portion  of  the  (ibcr-couplcd  power  emitted  from  the  front 
facet.  The  photodetcctor  compares  the  optical  power  output  with  a reference  level 


0 

Temperature  f*C) 


40 


FIGURE  4-32 

Variation  with  temperature  of  the  threshold 
current  la,  for  two  type*  of  laser  diode*. 
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and  adjusts  the  dc-bias  current  level  automatically  to  maintain  a constant  peak 
light  output  relative  to  the  reference  The  photodetcctor  used  must  have  a stable 
long-term  responsivity  which  remains  constant  over  a wide  temperature  range 
For  operation  in  the  800-to-900-nm  region,  a silicon  pin  photodiode  generally 
exhibits  these  characteristics  (sec  Chap.  6). 

An  example  of  a feedback-stabilizing  circuit10  that  can  be  used  for  a digital 
transmitter  is  shown  in  Fig.  4-33.  In  this  scheme,  the  light  emerging  from  the  rear 
facet  of  the  laser  is  monitored  by  a pin  photodiode  With  this  circuit,  the  electric 
input  signal  pattern  is  compared  with  the  optical  output  level  of  the  laser  diode. 
This  effectively  prevents  the  feedback  circuit  from  erroneously  raising  the  bias 
current  level  during  long  sequences  of  digitul  zeros  or  during  a period  in  which 
there  is  no  input  signal  on  the  channel.  In  this  circuit,  the  dc  reference  through 
resistor  A?i  sets  the  bias  current  at  the  proper  operating  point  during  long 
sequences  of  zeros.  When  this  bias  current  is  added  to  the  laser  drive  current, 
the  desired  peak  output  power  from  the  laser  is  obtained.  The  resistor  R->  balances 
the  signal  reference  current  against  the  pin  photocurrent  for  a 50-pcrccnt  duty 
ratio  at  25°C.  As  the  lasing  threshold  changes  because  of  aging  or  temperature 
variations,  (he  bins  current  is  automatically  adjusted  to  mumtain  a balance 
between  the  data  reference  and  the  pin  photocurrent  A more  sophisticated  ver- 
sion of  this  circuit11  simultaneously  and  independently  controls  both  the  bias 
current  and  the  modulation  current. 

Another  stundurd  method  of  stabilizing  the  optical  output  of  a laser  diode  is 
to  use  n miniature  thermoelectric  cooler.  This  device  maintains  the  laser  at  a 
constant  temperature  and  thus  stabilizes  the  output  level.  Normally,  a thermo- 
electric cooler  is  used  in  conjunction  with  a rear-facet  detector  feedback  loop,  us  is 
shown  in  Fig.  4-34. 


FIGURE  4-33 

Example  of  a btaa  circuit  thni  provide*  feedback  lUbtlinttion  of  later  output  power,  l Reproduced  with 
pcrnmtion  from  Shumate,  Chen,  and  Dorman."  © PJ78.  The  American  Telephone  and  Telegraph 
Company.  I 
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4.4  LIGHT  SOURCE  LINEARITY 

High-radiance  LEDs  and  laser  diodes  are  well-suited  optical  sources  for  wideband 
analog  applications  provided  a method  is  implemented  to  compensate  for  any 
nonlinearilies  of  these  devices.  In  an  analog  system,  the  time-varying  electric 
analog  signal  x{i)  is  used  to  modulate  directly  an  optical  source  about  a bias 
current  point  /*.  as  shown  in  Fig.  4-35.  With  no  signal  input,  ihc  optical  power 
output  is  P,.  When  the  signal  s(t)  is  applied,  the  optical  output  power  P[t)  is 

= *«*/)]  (4-53) 

Here,  m is  the  modulation  index  (or  modulation  depth ) defined  as 


where  tB  = /«  for  LEDs  and  lB  = 1$  — /u,  for  laser  diodes.  The  parameter  A / is 
the  vanation  in  current  about  the  bias  point.  To  prevent  distortions  in  the  output 
signal,  the  modulation  must  be  confined  to  (he  linear  region  of  the  curve  for 
optical  output  versus  drive  current  Furthermore,  if  A/  is  greater  than  t'B  (i.c., 
m is  greater  than  100  percent),  the  lower  portion  of  the  signal  gets  cut  off  and 
severe  distortion  will  result  Typical  m values  for  analog  applications  range  from 
0 25  to  0.50. 

In  analog  applications,  any  device  nonlinearities  will  create  frequency  com- 
ponents in  the  output  signal  that  were  not  present  in  the  input  signal. y'  Two 
important  nonlincur  effects  are  harmonic  and  intermodulation  distortions  If 
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But  point  and  amplitude  modulation  ranje  for  analog  application*  of  LED*  and  liter  diodes 


the  signal  input  to  a nonlinear  device  is  a simple  cosine  wave  .v(f)  = A cos  air . the 
output  will  be 

>{/)  = A0  + A\  cosai/  + ^2cos2  a>t  + A}  cos  3 <ol  + •••  (4-55) 

That  is.  the  output  signal  will  consist  of  a component  at  the  input  frequency  w 
plus  spurious  components  at  zero  frequency,  at  the  second  harmonic  frequency 
2o>.  at  the  third  harmonic  frequency  3oi.  and  so  on.  This  effect  is  known  as 
harmonic  distortion  The  amount  of  mh-order  distortion  in  decibels  is  given  by 


nth-order  harmonic  distortion  = 20  log 


An 

A\ 


(4-56) 


To  determine  intcrmodulation  distortion,  the  modulating  signal  of  a non- 
linear device  is  taken  to  be  the  sum  of  two  cosine  waves  xff)  = 
A i cos  an  / + A}  cos  ant-  The  output  signal  will  then  be  of  the  form 


y(t)  = £ Bm  cosfmoii  + nan)  (4-57) 

m.n 


where  m and  n = 0.  ±1.  ±2,  ±3. . . . This  signal  includes  all  the  harmonics  of  an 
and  oi2  plus  cross-product  terms  such  as  on  — on.  012-1-011,  012  — 2oi|.  012  -t-2an. 
and  so  on.  The  sum  and  difference  frequencies  give  rise  to  the  intermodulution 
distortion  The  sum  of  the  absolute  values  of  the  coefficients  m and  n determines 
the  order  of  the  intcrmodulation  distortion.  For  example,  the  second-order  inter- 
modulation  products  are  at  on  ± an  with  amplitude  Bi\ , the  third-order  intcrmod- 
ulation products  are  at  an  ± 2oi?  and  2on  ± an  with  amplitudes  B\i  and  Bn,  and 
so  on.  (Harmonic  distortions  are  also  present  wherever  either  rn  ^ 0 and  n = 0 or 
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when  m = 0 and  n # 0.  The  corresponding  amplitudes  are  Bm o and  Bo«.  respec- 
tively.) In  general,  the  odd-order  intcrmodulation  products  having  m = n ± I 
(such  as  2it>i  2a>j  — n»i,  3a»i  —2 a*,  etc.)  are  the  most  troublesome,  since 

they  may  fall  within  the  bandwidth  of  the  channel.  Of  these,  usually  only  the 
third-order  terms  arc  important,  since  the  amplitudes  of  higher-order  terms  tend 
to  be  significantly  smaller.  If  the  operating  frequency  band  is  less  than  an  octave, 
all  other  intcrmodulation  products  will  fall  outside  the  passband  and  can  be 
eliminated  with  appropriate  filters  in  the  receiver. 

Nonlinear  distortions  in  LEDs  are  due  to  effects  depending  on  the  carrier 
injection  level,  radiative  recombination,  and  other  subsidiary  mechanisms,  as  is 
desenbed  in  detail  by  Asatani  and  Kimuru.'7  In  certain  laser  diodes,  such  as  gain- 
guided  devices,  there  can  be  nonlincaritics  in  the  curve  for  optical  power  output 
versus  diode  current,  as  is  illustrated  in  Fig.  4-36.  These  nonlinearities  are  a result 
of  inhomogencities  in  the  active  region  of  the  device  and  also  arise  from  power 
twitching  between  the  dominant  lateral  modes  in  the  laser.  They  are  generally 
referred  to  as  “kinks."  These  kinks  arc  generally  not  seen  in  modem  laser  diodes 
that  use  the  structures  described  in  See.  4.3.5  and  4.3.6.  Power  saturation  (as 
indicated  by  a downward  curving  of  the  output-vcrsus-currcnl  curve)  can  occur 
at  high  output  levels  because  of  active-layer  heating. 

Total  harmonic  distortions'*"61  in  GaAlAs  LEDs  and  laser  diodes  tend  to  be 
in  the  range  of  30-40  dB  below  the  output  at  the  fundamental  modulation  fre- 
quency for  modulation  depths  around  0.5.  The  second-  and  third-order  harmonic 
distortions  as  a function  of  bias  current  for  several  modulation  frequencies  are 
ihown  in  Fig.  4-37  for  a GaAIAs  double-hclerojunction  LED.51  The  harmonic 
distortions  decrease  with  increasing  bias  current  but  become  large  at  higher  mod- 
ulation frequencies.  The  intermodulation  distortion  curves  (not  shown)  follow  the 
lame  characteristics  as  those  in  Fig.  4-37.  but  are  5 8 dB  worse. 


FIGl'RE  4-36 

Example  of  a kink  and  power  saturation  m 
Ihc  curve  for  optical  output  power  venus 
drive  current  of  a Inver  diode. 
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Second-order  and  third-order  harmonic  distortions  a*  a function  of  bias  current  in  a GuAlAs  LED  fot 
several  modulation  frequencies  The  distortion  it  given  in  terms  of  the  power  P„  at  the  nth  harmonm 
relative  to  the  power  P/i  at  the  modulation  frequency  f\  (Reproduced  with  permission  from 
Dawson.'*) 


A number  of  compensation  techniques  for  linearization  of  optical  sources  in 
analog  communication  systems  huve  been  investigated  These  methods  include 
circuit  techniques  such  as  complementary  distortion.' •*'  negative  feedback.*7 
selective  harmonic  compensation.63  and  quasi-feedforward  compensation.6*  and 
the  use  of  pulse  position  modulation  (PPM)  schemes.65  One  of  the  most  successful 
circuit  design  techniques  is  the  quasi-feedforward  method,  with  which  a 30-  to  40- 
dB  reduction  in  total  harmonic  distortion  has  been  achieved. 

4.5  MODAL.  PARTITION,  AND 
RF.FLFXTION  NOISE 

Three  significant  factors  associated  with  the  operating  characteristics  of  laser 
diodes  arise  in  high-speed  digital  and  analog  applications.  These  phenomena  are 
called  modal  or  speckle  noise.**"1'  mode-partition  noise,73*7  and  reflection 
noise.7-3  7**1"  These  factors  are  important  because  they  can  introduce  receiver  out- 
put noise,  which  can  be  particularly  serious  for  analog  systems  (sec  Chaps.  8 and  9) 
When  light  from  a coherent  laser  us  launched  into  a multimode  fiber,  a 
number  of  propagating  modes  of  the  fiber  arc  normally  excited.  As  long  as 
these  modes  retain  their  relative  phase  coherence,  the  radiation  pattern  seen  at 
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the  end  of  the  fiber  (or  at  any  point  along  the  fiber)  takes  on  the  form  of  a speckle 
pattern  This  is  the  result  of  constructive  and  destructive  interference  between 
propagating  modes  at  any  given  plane.  An  example  of  this  is  shown  in  Fig. 
4-38.  The  number  of  speckles  in  the  pattern  approximates  the  number  of  propa- 
gating modes.  As  the  light  travels  along  the  fiber,  a combination  of  mode-depen- 
dent losses,  changes  in  phase  between  modes,  and  fluctuations  in  the  distribution 
of  energy  among  the  various  fiber  modes  will  change  the  modal  interference  and 
result  in  a different  speckle  pattern  Modal  or  speckle  noise  occurs  when  any  losses 
that  arc  specklc-pattem-dcpcndent  are  present  in  a link.  Example  of  such  losses  are 
splices,  connectors,  microbends,  and  photodetectors  with  nonuniform  responsivity 
across  the  photosensitive  area.  Noise  is  generated  when  the  speckle  pattern  changes 
in  time  so  as  to  vary  the  optical  power  transmitted  through  the  particular  loss 
dement.  The  continually  changing  speckle  pattern  that  falls  on  the  photodetector 
thus  produces  a lime-varying  noise  in  the  received  signal,  which  degrades  receiver 
performance  Narrowband,  high-cohcrence  sources,  such  as  single-mode  lasers, 
result  in  more  modal  noise  than  broadband  sources.  Incoherent  sources,  such  as 
LEDs,  do  not  produce  modal  noise.  The  use  of  single-mode  fibers  eliminates  this 
problem. 

Mode-partition  noise  is  associated  with  intensity  fluctuations  in  the  longi- 
tudinal modes  of  a laser  diode.  This  is  the  dominant  noise  in  single-mode  fibers. 
The  output  from  a laser  diode  generally  can  come  from  more  than  one  longi- 
tudinal mode,  as  shown  in  Fig.  4-39.  The  optical  output  may  anse  from  all  of  the 
modes  simultaneously,  or  it  may  switch  from  one  mode  (or  group  of  modes)  to 
another  randomly  in  time  Intensity  fluctuations  can  occur  among  the  various 
modes  in  a multimode  laser  even  when  the  total  optical  output  does  not  vary  as 
exhibited  in  Fig.  4-39.  Since  the  output  pattern  of  a laser  diode  is  highly  direc- 
tional. the  light  from  these  fluctuating  modes  can  be  coupled  into  a fiber  with  high 
coupling  efficiency.  Each  of  the  longitudinal  modes  that  is  coupled  into  the  fiber 
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Euinpfc  of  a tpeckle  pattern  that  11  produced  when  coherent  toiler  light  u launched  into  a multimode 
fiber. 
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has  a difTerenl  attenuation  and  time  delay  because  each  is  associated  with  a 
slightly  different  wavelength  (see  Sec.  3.3).  Since  the  power  fluctuations  among 
the  dominant  modes  can  be  quite  large,  significant  variations  in  signal  levels  can 
occur  at  the  receiver  in  systems  with  high  fiber  dispersion. 

Reflection  noise  is  associated  with  laser  diode  output  linearity  distortion 
caused  by  some  of  the  light  output  being  reflected  back  into  the  laser  cavity 
from  fiber  joints.  This  reflected  power  couples  with  the  lasing  modes,  thereby 
causing  their  phases  to  vary.  This  produces  a periodically  modulated  noise  spec- 
trum that  is  peaked  on  the  low-frequency  side  of  the  intrinsic  noise  profile  The 
fundamental  frequency  of  this  noise  is  determined  by  the  roundtrip  delay  of  the 
light  from  the  laser  to  the  reflecting  point  and  back  again.  Depending  on  the 
roundtrip  time,  these  reflections  can  create  noise  peaks  in  the  frequency  region 
where  optical  fiber  data  transmission  systems  operate,  even  though  the  lasers 
themselves  are  very  noise-free  at  these  frequencies.  Reflection  noise  problems 
can  be  greatly  reduced  by  using  optical  isolators  between  the  laser  diode  and 
the  optical  fiber  transmission  line  or  by  using  index-matching  fluid  in  the  gaps 
at  fiber-to-fiber  joints  to  eliminate  reflections  at  the  liber  air  interfaces. 


4.6  RELIABILITY  CONSIDERATIONS 

The  reliability  of  double-hcterojunction  LEDs  and  laser  diodes  is  of  importance  in 
that  these  devices  are  of  greulest  interest  in  optical  communications  systems.  The 
lifetimes  or  these  sources  are  affected  by  both  operating  conditions  and  fabrica- 
tion techniques.  Thus,  it  is  important  to  understand  the  relationships  between 
light  source  operation  characteristics,  degradation  mechanisms,  and  system  rcli- 
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ability  requirements.  A comprehensive  review  of  the  reliability  of  GaAlAs  laser 
diodes  has  been  presented  by  Etlenbcrg  and  Kressel,H:  to  which  the  reader  is 
referred  for  further  details  and  an  extensive  list  of  references.  The  extension  of 
these  results  to  LEDs  is  straightforward.*5*'  Reliabilities  of  InGaAsP  LEDs  and 
lasers  are  given  in  Refs.  88-91. 

Lifetime  tests  of  optical  sources  are  carried  out  other  at  room  temperuture 
or  at  elevated  temperatures  to  accelerate  the  degradation  process.  A commonly 
used  elevated  temperature  is  70"C.  The  two  most  popular  techniques  for  deter- 
mining the  lifetime  of  an  optical  source  other  maintain  constant  light  output  by 
increasing  the  bias  current  automatically  or  keep  the  current  constant  and  moni- 
tor the  optical  output  level.  In  the  first  case,  the  end  of  life  of  the  device  is  assumed 
to  be  reached  when  the  source  can  no  lunger  put  out  a specified  power  at  the 
maximum  current  value  for  C'W  (continuous-wave)  operation  In  the  second  case, 
the  lifetime  is  determined  by  the  time  taken  for  the  optical  output  power  to 
decrease  by  3 dB. 

Degradation  of  light  sources  can  be  divided  into  three  basic  categories: 
internal  damage  and  ohmic  contact  degradation,  which  bold  for  both  lasers 
and  LEDs,  and  damage  to  the  facets  of  laser  diodes. 

The  limiting  factor  on  LF.D  and  laser  diode  lifetime  is  internal  degradation 
This  clTcct  arises  from  the  migration  of  crystal  defects  into  the  active  region  of  the 
light  source.  These  defects  decrease  the  internal  quantum  efficiency  and  increase 
the  optical  absorption.  Fabrication  steps  that  can  be  taken  to  minimize  internal 
degradation  include  the  use  of  substrates  with  low  surface  dislocation  densities 
(less  than  2 x Iff’  dislocation/cm*),  keeping  work-damaged  edges  out  of  the  diode 
current  path,  and  minimizing  stresses  in  the  active  region  (to  less  than 
IO*dyn/cmJ). 

For  high-quality  sources  having  lifetimes  which  follow  u slow  internal- 
degradation  mode,  the  optical  power  P decreases  with  time  according  to  the 
exponential  relationship 

P=P0e~,,tm  (4-58) 

Here,  P0  is  the  initial  optical  power  at  time  / = 0,  and  r„  is  a time  constant  for  the 
degradation  process,  which  is  approximately  twice  the  -3-dB  mean  time  to  fail- 
ure Since  the  operating  lifetime  depends  on  both  the  current  density  J and  the 
junction  temperature  T.  internal  degradation  can  be  accelerated  by  increasing 
cither  one  of  these  parameters. 

The  operating  lifetime  r,  has  been  found  experimentally  to  depend  on  the 
current  density  J through  the  relation 

r,  a J * (4-59) 

where  1.5  < n < 2.0.  For  example,  by  doubling  the  current  density,  the  lifetime 
decreases  by  a factor  of  3 4.  Since  the  degradation  rate  of  optical  sources 
increases  with  temperature,  an  Arrhenius  relationship  of  the  form 

T|  = Ke*‘/t,r 


(4-60) 
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has  been  sought.  Here,  EA  is  an  activation  energy  characterizing  the  lifetime  r,.  kt 
is  Boltzmann's  constant.  T is  the  absolute  temperature  at  which  r,  was  evaluated, 
and  A' is  a constant.  The  problem  in  establishing  such  an  expression  is  that  several 
competing  factors  are  likely  to  contribute  to  the  degradation,  thereby  making  it 
difficult  to  estimate  the  activation  energy  EA.  Activation  energies  for  laser  degra- 
dation reported  in  the  literature  have  ranged  from  0.3  to  1.0  eV.  For  practical 
calculations,  a value  of  0.7  eV  is  generally  used. 

Equations  (4-59)  and  (4-60)  indicate  that,  to  increase  the  light  source  life- 
time, it  is  advantageous  to  operate  these  devices  at  as  low  a current  and  tempera- 
ture as  is  practicable.  Examples*5  of  the  luminescent  output  of  InGaAsP  LEDs  as 
a function  of  time  for  different  temperatures  are  shown  in  Fig.  4-40.  At  tempera- 
tures below  120cC  the  output  power  remains  almost  constant  over  the  entire 
measured  15.000-h  (1.7-year)  operating  time.  At  higher  temperatures  the  power 
output  drops  as  a function  of  time.  For  example,  at  230JC  the  optical  power  has 
dropped  to  one-half  its  initial  value  (a  3-dB  decrease)  after  approximately  3000  h 
(4.1  months)  of  operation.  The  activation  energy  of  these  lasers  is  about  1.0  eV. 

A second  fabrication-related  degradation  mechanism  is  ohmic  contact  dete- 
rioration. In  LEDs  and  laser  diodes  the  thermal  resistance  of  the  contact  between 
the  light  source  chip  and  the  device  heat  sink  occasionally  increases  with  time 
Thus  effect  is  a function  of  the  solder  used  to  bond  the  chip  to  the  heat  sink,  the 
current  density  through  the  contact,  and  the  contact  temperature.  An  increase  in 
the  thermal  resistance  results  in  a nse  m the  junction  temperature  for  a fixed 
operating  current.  This,  in  turn,  leads  to  a decrease  in  the  optical  output 


KICL'KE  4-40 

Normalized  output  power  u a function  of  operating  time  for  five  ambient  I cm  per*  lure*  /‘o  n the 
miltnl  optical  output  power.  (Reproduced  with  pcrmuuon  from  Yumakoihi  cl  al.*’) 
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power  However,  careful  designs  and  implementations  of  high-quality  bonding 
procedures  have  minimized  effects  resulting  from  contact  degradation 

Facet  damage  is  a degradation  problem  that  exists  for  laser  diodes.  This 
degradation  reduces  the  laser  mirror  reflectivity  and  increases  the  nonradiative 
earner  recombination  at  the  laser  facets.  The  two  types  of  facet  damage  that  can 
occur  are  generally  referred  to  as  catastrophic  facet  degradation  and  facet  erosion 
Catastrophic  facet  degradation  is  mechanical  damage  of  the  facets  that  may  arise 
after  short  operating  times  of  laser  diodes  at  high  optical  power  densities.  This 
damage  tends  to  reduce  greatly  the  facet  reflectivity,  thereby  increasing  the  thresh- 
old current  and  decreasing  the  external  quantum  efficiency  The  catastrophic  facet 
degradation  has  been  observed  to  be  a function  of  the  optical  power  density  and 
the  pulse  length. 

Facet  erosion  is  a gradual  degradation  occurring  over  a longer  period  of 
time  than  catastrophic  facet  damage  The  decrease  in  mirror  reflectivity  and  the 
increase  in  nonradiative  recombination  at  the  facets  owing  to  facet  erosion  lower 
the  internal  quantum  cfTicicncy  of  the  laser  and  increase  the  threshold  current  In 
CiaAlAs  lasers,  facet  erosion  arises  from  oxidation  of  the  mirror  surface  It  is 
speculated  that  the  oxidation  process  ts  stimulated  by  the  optical  radiation 
emitted  from  the  laser.  Facet  erosion  is  minimized  by  depositing  a half-wave- 
length-thick  AfjOj  film  on  the  facet  This  type  of  coating  acts  as  a moisture 
twiner  and  docs  not  affect  the  mirror  reflectivity  or  the  lasing  threshold  current 

A comparison82  of  two  definitions  of  failure  for  laser  diodes  operating  at 
70  C is  shown  in  Fig.  4-41.  The  lower  trace  shows  the  time  required  for  the  laser 
output  to  drop  to  one-half  its  initial  value  when  u constant  current  passes  through 
the  device  This  is  the  "3-dB  life.** 

The  “cnd-of-life"  failure  is  given  by  the  lop  trace  in  Fig.  4-41 . This  condition 
it  defined  as  the  time  at  which  the  device  can  no  longer  emit  a fixed  power  level 
(115  mW  in  this  case)  at  the  70C  heat-sink  temperature  The  mean  operating 
times  (time  for  50  percent  of  the  lasers  to  fail)  are  3800  h and  1900  h for  the  cnd- 
of-life  and  3-dB-lifc  conditions,  respectively.  The  right-hand  ordinate  of  Fig.  4-41 
gives  an  estimate  of  the  operating  time  at  22'C,  assuming  an  activation  energy  of 
0.7  eV. 


PROBLEMS 

4-1.  Measurements  show  that  the  band-gap  energy  E,  for  GuAs  varies  with  temperature 
according  to  the  empirical  formula 

/■VOD*  1-55  - 4.3  * ur'r 

where  £,  u given  in  electron  volts  (eV) 

(at  Using  this  expression,  show  that  the  temperature  dependence  of  the  intrinsic 
electron  concentration  it,  is 
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figure  -mi 

Tunc-to-fiulurc  plot  on  tog-oar- 
mol  coordinates  for  40  loo- 
threshold  l==  $0  mA)  nude 
defined  tlnpe  laien  <1  ■ TOT 
heat-sink  temperature,  r.  n 
the  tune  it  look  for  50  percent 
of  the  Inert  to  fail  for  the  two 
typet  of  failure  mechanism 
(Reproduced  with  pcmtiwn* 
from  F.tienbcrg  and  Kretari,0 
f 1980.  IEEE ) 


(A)  Using  a computer,  plot  the  values  of  n,  as  a function  of  temperature  over  the 
range  273  K <T  < 373  K(0>C  <T<  lOtF  C> 

4-2.  Repeat  the  steps  given  in  Example  4-2  for  a p-type  semiconductor  In  particular, 
show  that  when  the  net  acceptor  concentration  is  much  greater  than  we  have 
pf  = N,  and  nf^n]/N, 

4-3.  An  engineer  has  two  Gau.Al.As  LEDs  one  has  a band-gap  energy  of  1 .540  eV 
and  the  other  has  .t  = 0.015. 

(o)  Find  the  aluminum  mole  fraction  x and  the  emission  wavelength  for  the  firu 
LED 

(ft)  Find  the  band-gap  energy  and  the  emission  wavelength  of  the  other  LED. 
4-4.  The  lattice  spacing  of  lni-,Ga,A*l,P|_i,  has  been  shown  to  obey  Vegard's  law,; 
This  states  that  for  quaternary  alloys  of  the  form  Aj  ,B,C,D| where  A and  B 
arc  group  111  elements  (e  g . Al.  In.  and  Ga)  and  C and  D are  group  V elements 
(e  g . As,  P.  and  Sb),  the  lattice  spacing  uf.tr.)')  of  the  quaternary  alloy  can  be 
approximated  by 

of*.  >•)  = xyof BO  + *(1  - >)u(BD)  + ( I - i)>i«AQ 
-F(l  -*MI  -TWAD) 

where  the  ofLI)  are  the  lattice  spaangs  of  the  binary  compounds  IJ 
(a)  Show  that  for  tn|.lGa,AsrP|.l,  with 
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a<GaAs)  = 5.6536  A 
a(GaP)  = 5.4512  A 
oflnAs)  = 6.0590  A 
oflnP)  = 5.8696  A 

the  quaternary  lattice  spacing  becomes 

<**.y)  = 0.I894>  - 0.4184.1  + 0,01 30*y  + 5.8696  A 

(A)  For  quaternary  alloys  that  are  lattice-matched  to  InP.  the  relation  between 
.x  and  y can  be  determined  by  letting  af.x.y)  = iHInP)  Show  that  since 
0 < x < 0.47,  the  resulting  expression  can  be  approximated  by  yts  2.20.x 
(c)  A simple  empirical  relation  that  gives  the  band-gap  energy  in  terms  of  x and  y 

is*5 

£r(.x.>)  = 1.35  + 0.668.x  - 1. 1 7y  + 0.758.x5  + 0.18./ 

- 0.069.x  »•  - 0.3220  + 0.33*/ eV 

Find  the  band -gap  energy  and  the  peak  emission  wavelength  of 
I n0  r«Ga«  » Aso  wPo  m 

4-5.  Using  the  expression  £ = hc/k.  show  why  the  FWHM  power  spectral  width  of 
LEDs  becomes  wider  at  longer  wavelengths. 

44c  A double-heterojunction  InGaAsP  LED  emitting  at  a peak  wavelength  of  1 310  nm 
hav  radiative  and  rnmradiativc  recombination  times  of  25  and  90  ns,  respectively. 
The  drive  current  is  35  mA 

(a)  Find  the  internal  quantum  efficiency  and  the  internal  power  level. 

(A)  If  the  refractive  index  of  the  light  source  material  is  n = 3.5,  find  the  power 
emitted  from  the  device. 

4-7.  Assume  the  injected  minority  carrier  lifetime  of  an  LED  is  5 ns  and  that  the  device 
has  an  optical  output  of  0.30  mW  when  a constant  dc  drive  current  is  applied  Plot 
the  optical  output  power  when  the  LED  is  modulated  at  frequencies  ranging  from 
20  to  100  MHz  Note  what  happens  to  the  LED  output  power  at  higher  modulation 
frequencies. 

4-8.  Consider  an  LED  having  a minority  carrier  lifetime  of  5 ns.  Find  the  3-dB  optical 
bundwidih  and  the  3-dB  electrical  bandwidth. 

4-9.  (u)  A GaAlAs  laser  diode  has  a 500-iim  cavity  length  which  has  an  effective 
absorption  coefficient  of  I0cm_l.  For  uncoatcd  facets  the  reflectivities  arc 
0.32  at  each  end.  What  is  the  optical  gam  at  the  lasing  threshold? 

(A)  If  one  end  of  the  laser  is  coated  with  a dielectric  reflector  so  that  its  reflectivity 
is  now  90  percent,  what  is  the  optical  gam  at  the  lasing  threshold? 

(c)  If  the  internal  quantum  efficiency  is  0.65.  what  is  the  external  quantum  effi- 
ciency in  cases  (a)  and  (A)? 

410.  Find  the  external  quantum  efficiency  for  a Gat . , AI,As  laser  diode  (with  x = 0.03) 
which  has  an  optical-power- vcrsus-drivc-currcnt  relationship  of  0.5  mW  mA  (c.g., 
as  shown  in  Fig.  4-31). 

411.  Approximate  expressions  for  the  transverse  and  lateral  optical-field  confinement 
factors  1'f  and  ft,  respectively,  m a Fahry-Pcrol  lasing  cavity  are 
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o(GaAs)  = 5.6536  A 
n(GaP)  = 5.4512  A 
a(InAs)  = 6.0590  A 
uflnP)  = 5.86%  A 

the  quaternary  lattice  spacing  becomes 

ciOr.y)  = 0. 1894v  - 0.4l84x  + 0.0 1 30xy  + 5.8696  A 

(6)  For  quaternary  alloys  that  are  lattice-matched  to  InP.  the  relation  between 
1 and  y can  be  determined  by  letting  o(.x,y)  = u(lnP).  Show  that  since 
0 < jc  < 0.47.  the  resulting  expression  can  be  approximated  by  y ~ 2.20x. 

(e)  A simple  empirical  relation  that  gives  the  band-gap  energy  in  terms  of  v and  y 
is" 

E,(x.  >•)  = 1 .35  -F  0.668x  - 1 I ly  -+  0.758;r  + 0.1 8/ 

- 0 069xy  - 0.322 x*y  + 0.33x/  cV 

Find  the  band-gap  energy  and  the  peak  emission  wavelength  of 
Ino  nGa<i  j*Aso  %*Pu*i. 

4-5.  Using  the  expression  E = hc/X.  show  why  the  FWHM  power  spectral  width  of 
LEDs  becomes  wider  at  longer  wavelengths. 

4-6.  A double- hctcrojunction  InGaAsP  LED  emitting  at  a peak  wavelength  of  1310  nm 
has  radiative  and  nonradiativc  recombination  times  of  25  and  90  ns.  respectively. 
The  drive  current  is  35  mA. 

(а)  Find  the  internal  quantum  cilkiency  and  the  internal  power  level 

(б)  If  the  refractive  index  of  the  light  source  material  is  n = 3.5,  find  the  power 
emitted  from  the  device. 

4-7.  Assume  the  injected  minority  carrier  lifetime  of  an  LED  is  5 ns  and  that  the  device 
has  an  optical  output  of  0.30  mW  when  a constant  dc  drive  current  is  applied  Plot 
the  optical  output  power  when  the  LED  is  modulated  at  frequencies  ranging  from 
20  to  100  MH/  Note  what  happens  to  the  LED  output  power  at  higher  modulation 
frequencies 

4-8.  Consider  an  LED  having  a minority  earner  lifetime  of  5 ns.  Find  the  3-dB  optical 
bandwidth  and  the  3-dB  electrical  bandwidth. 

4-9.  (a)  A GaAIAs  laser  diode  has  a SOO-pm  cavity  length  which  has  an  effective 
absorption  coefficient  of  10cm  1 For  uncoated  facets  the  reflectivities  are 
0.32  at  each  end  What  is  the  optical  gain  at  the  lasing  threshold? 

(6)  If  one  end  of  the  laser  is  coated  with  a dielectric  reflector  so  that  its  reflectivity 
is  now  90  percent,  what  is  the  optical  gain  at  the  lasing  threshold? 

(c)  If  the  internal  quantum  efficiency  is  0.65.  what  is  the  external  quantum  effi- 
ciency in  cases  (a)  and  (6)7 

4-10.  Find  the  external  quantum  efficiency  for  a Ga|  ,AI,As  laser  diode  (with  x — 0.03) 
which  has  an  optical-powcr-versus-drive-current  relationship  of  0.5  mW/mA  (c.g.. 
as  shown  in  Fig  4-31). 

4-11.  Approximate  expression*  for  the  transverse  and  lateral  optical-field  confinement 
factors  F r and  ft,  respectively,  in  a Fabry-Pcrot  lasing  cavity  arc 


1% 


OPTIC  AL  SOUNCt* 


and 


where 


rr=rn>2  wi,h  -*>)'* 

Ft -=2^5  With 


n\n  = "i  + rr(«i -ni) 

Here,  w and  d arc  the  width  and  thickness,  respectively,  of  the  active  layer,  and  n 
and  /•;  arc  the  refractive  indices  inside  and  outside  the  cavity,  respectively. 

(«)  Consider  a 1300-nm  InGuAsP  laser  diode  in  which  the  active  region  is  0.1  pm 
thick,  I Opm  wide,  and  150pm  long  with  refractive  indices  n , — 3. 55  and 
n ; = 3-20  What  are  the  transverse  and  lateral  optical-field  confinement  factors’ 
(/»)  Given  that  the  total  confinement  factor  is  T = P rP/.,  what  is  the  gam  threshold 
if  the  effective  absorption  eoclfieicni  is  a = 31) an  1 and  the  facet  rcflcctivitio 
are  /?!  = /?:=  0.311 

4-12.  A G«As  laser  emitting  at  8(8)  nm  has  a 400- pm  cavity  length  with  a refractive 
index  n = 3 6.  If  the  gain  g exceeds  the  total  loss  a,  throughout  the  rjngr 
750  nm  <1<  850  nm.  how  many  modes  will  exist  in  the  laser? 

4-1 3.  A laser  emitting  at  A«  850  nm  hus  a gain-spectral  width  of  <r  = 32  nm  und  a peak 
gum  ofg(0)=  50cm  ' Plot  g(J.)  from  l-q  4-41  If  a,  = 32.2cm'1.  show  the  region 
where  losing  takes  place  If  the  laser  is  400  pm  long  and  n = 3.6.  how  man)  modn 
will  be  excited  m this  laser? 

4-14.  The  derivation  of  Paj.  (4-46)  assumes  that  the  refractive  index  n is  independent  •'( 
wavelength. 

(а)  Show  that  when  n depends  on  A,  wc  have 

X* 

ILfn  - yrfn/Jk) 

(б)  If  the  group  refractive  index  In  — A</a/i/A)  is  4 5 for  GaAs  at  850  nm.  what  is  the 
mode  spacing  for  a 400-ptn-long  laser 

4-lf.  l-or  laser  structures  that  have  strong  earner  confinement,  the  threshold  current 
density  for  stimulated  emission  -At,  can  to  a good  approximation  he  related  in 
the  loving-threshold  optical  gain  go,  by  = /t/*.  where  ft  h a constant  that 
depends  on  the  spcafic  device  constniction  Consider  u GaAs  laser  with  an  optical 
cusity  of  length  250  pm  and  width  1 00 pm.  At  the  normal  operating  temperature, 
the  gain  factor  f)  - 21  x IQ"J  A/cm'  und  the  effective  absorption  coefficient 
a = 10cm  1 

(a)  If  the  refruettve  index  is  3.6.  find  the  threshold  current  density  and  the  thresh 
old  current  /,h  Assume  the  laser  end  faces  arc  uncoated  and  the  current  is 
restricted  to  the  optical  easily 

(A)  What  is  the  threshold  current  if  the  laser  cavity  width  is  reduced  to  10 pm? 
4-16.  From  quantum  mechanics,  the  energy  levels  for  electrons  and  holes  in  the  quire 
turn-well  laser  structure  shown  in  Fig  4-26  are  given  by 
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E„  = E,  + - jf  — with  < = 1.2, 3 for  electrons 

and 

A1  P 

Evl  = Ev-—p r — with  j = 1 . 2, 3, ...  for  holes 

(kj‘  m» 

where  £,  and  £,  are  the  conduction-  and  valcncc-band  energies  (see  Fig  4-1).  d is 
the  active  layer  thickness,  h is  Planck’s  constant,  and  m,  and  m*  are  the  electron 
and  hole  mosses  as  defined  in  Example  4-1  The  possible  energy-level  transitions 
which  lead  to  photon  emission  ure  given  by 

If  £,  = 1.43  eV  for  GaAs,  what  is  the  emission  wavelength  between  the  ( = j = I 
states  if  the  active  layer  thickness  is  d = 5 nra'.1 
4-17.  In  a multiple  quantum-well  laser  Ihe  temperature  dependence  of  the  differential  or 
external  quantum  efficiency  can  be  described  by4* 


nn,iT)  = 


amd 

n*1°w  + y(T  - r«))  + o«od 


where  m(E)  is  the  internal  quantum  efficiency  , a„*i  is  the  mirror  loss  of  the  lasing 
cavity  as  given  in  Eq.  (4-28),  S.  is  the  number  of  quantum  wells.  7*  is  the  thresh- 
old temperature,  a,  is  the  interna)  loss  of  the  wells  at  T * T*.  and  y is  a tempera- 
ture-dependent internal-loss  parameter  Consider  a six-well.  350-um-long  MQW 
laser  having  the  following  characteristics:  or.  = 1.25  cm'1.  y = 0,025cm  '/K.  ant) 
Tis  = 303  K.  The  lasing  cavity  has  a standard  uncoatcd  facet  on  the  front 
(rti  = 0.31)  and  a high-rcfloction  coating  on  the  near  facet  )/)j  = 0.96) 

(a)  Assuming  that  the  internal  quantum  efficiency  is  constant,  use  a computer  to 
plot  the  external  quantum  efficiency  as  a function  of  temperature  over  the 
range  303  K sT  < 375K  Let  ijnl(r>»0.8  at  T = 303  K 
(A)  Given  lhat  the  optical  output  power  at  T - 303  K is  30  mW  at  a drive  currant 
of  lj  = 50  mA,  plot  the  power  output  as  a function  of  temperature  over  the 
range  303  K < T < 375  K at  this  fixed  bias  currant 
4-18.  A distributed-feedback  laser  has  a Bragg  wavelength  of  1570  nm.  a second-order 
grating  with  A = 460  nm,  and  a 300-jim  cavity  length.  Assuming  a perfectly  sym- 
metrical DFB  laser,  find  the  zeroth-,  first-,  and  second-order  lasing  wavelengths  to 
a tenth  of  a nanometer  Draw  a relative  amphtudc-vcrsus-wavclcngth  plot. 

4-19.  When  a current  pulse  is  applied  to  a laser  diode,  the  injected  carrier  pair  density  n 
within  the  recombination  region  of  width  J changes  with  time  according  to  the 
relationship 


dn  _J_  n 
dt  ~ qd  X 

(a)  Assume  r is  the  average  carrier  lifetime  in  the  recombination  region  when  the 
injected  earner  pair  density  is  no,  near  the  threshold  current  density  Jo,  That  ts. 
in  the  steady  state  we  have  3n/3 1 - 0.  so  that 
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If  a currenl  pulse  of  amplitude  !,  is  applied  to  on  unbiased  User  diode,  show 
that  the  time  needed  for  the  onset  of  stimulated  emission  is 


Assume  the  drive  current  / = JA.  where  J is  the  current  density  and  A is  the 
are*  of  the  active  region. 

(ft)  If  the  laser  is  now  prcbiascd  to  a current  density  Ja  = Ini  A.  so  that  the  initial 
excess  earner  pair  density  is  n„  = Jgr/t/d,  then  the  current  density  in  the  acuvc 
region  during  a current  pulse  l,\iJ  = Ja+  Jf  Show  that  in  this  case  Eq  (4-501 
results. 

4-20.  Assume  we  have  an  LED  that  operates  with  a 5-V  bias  supply  and  which  we  want 
to  drive  with  a 50-mA  peak  current.  Design  the  following  simple  dnvc  circuits 
(a)  A common-emitter  transistor  configuration. 

(A)  A low-speed  driver  using  a transistor -transistor  logic  (TTL)  gate  (e.g.,  a 743? 
buffer). 

(r)  A high-speed  emitter-coupled  driver  using  a commercial  emitter -coupled  logic 
(ECL)  device  (e.g..  a 10210  circuit). 

4-21.  When  designing  a driver  for  a laser  diode,  one  must  take  into  account  the  tem- 
perature dependence  of  the  threshold  current  as  noted  in  Sec.  4.3.8.  Design  a laser 
diode  transmitter  that  has  a low-speed  rcar-facet-deteelion  bias-stabilization  circuit 
and  a high-speed  drive  circuit.  How  would  a thermoelectric  cooler  be  incorporated 
into  this  design? 

4-22.  A laser  diode  has  a maximum  average  output  of  I mW  (0  dBm).  The  laser  is  to  be 
amplitude-modulated  with  a signal  xfr)  that  has  a dc  component  of  0.2  and  s 
periodic  component  of  ±2.56.  If  the  current-input  to  opucal-output  relationship 
is  Pit)  = »<»)/IO.  find  the  values  of  /o  and  m if  the  modulating  current  n 
HO  = A»|l  -4-  mxit)]. 

4-23.  Consider  the  following  Taylor  senes  expansion  of  the  optical-power-versus-dnve- 
curTcnt  relationship  of  an  optical  source  about  a given  bias  point: 

yU)  = atxO)  + tfi.rfy)  + uvrV)  + o«.»V) 

Let  the  modulating  signal  xiO  be  the  sum  of  two  sinusoidal  tones  at  frequencies  m, 
and  aij  given  by 

xt0  = Aicosaijr  + Ajcosaijf 

(a)  Find  the  second-,  third-,  and  fourth-order  intcrmodulation  distortion  coeffi- 
cients (where  m and  n = ±1.  ±2,  ±3,  and  ±4)  in  terms  of  b\,  Aj.  and  then, 
(A)  Find  the  second-,  third-,  and  fourth-order  harmonic  distortion  coefficients  Aj. 
A j.  and  A4  in  terms  of  A|,  Aj.  and  the  a,. 

4-24.  An  optical  source  is  selected  from  a batch  characterized  os  having  lifetimes  that 
follow  a slow  internal  degradation  mode.  The  -3-dB  mean  time  to  failure  of  these 
devices  at  room  temperature  is  specified  as  5 x 104  h.  If  the  device  emits  I mW  at 
room  temperature,  what  is  the  expected  optical  output  power  after  I month  of 
operation,  after  1 year,  and  after  5 years? 
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4-25.  A group  of  optical  sources  is  found  to  have  operating  lifetimes  of  4 x I04  h at  60  C 
and  6500  h at  90"C.,  What  is  the  expected  lifetime  at  JOT  if  the  device  lifetime 
follows  an  Arrhcnius-typc  relationship? 
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CHAPTER 

5 


POWER 
LAUNCHING 
AND  COUPLING 


In  implementing  an  optical  fiber  link,  two  of  the  major  system  questions  are  how 
to  launch  optical  power  into  a particular  fiber  from  some  type  of  luminescent 
source  and  how  to  couple  optical  power  from  one  fiber  into  another.  Launching 
optical  power  from  a source  into  a fiber  entails  considerations  such  as  the  numer- 
ical aperture,  core  size,  refractive-index  profile,  and  core-cladding  index  differ- 
ence of  the  fiber,  plus  the  size,  radiance,  and  angular  power  distribution  of  the 
optical  source. 

A measure  of  the  amount  of  optical  power  emitted  from  a source  that  can  be 
coupled  into  a fiber  is  usually  given  by  the  coupling  efficiency  t)  defined  as 


Here,  Pr  is  the  power  coupled  into  the  fiber  and  Ps  is  the  power  emitted  from  the 
light  source.  The  launching  or  coupling  efficiency  depends  on  the  type  of  fiber 
that  is  attached  to  the  source  and  on  the  coupling  process:  for  example,  whether 
or  not  lenses  or  other  coupling  improvement  schemes  are  used. 

In  practice,  many  source  suppliers  offer  devices  with  a short  length  of  opti- 
cal fiber  ( I m or  less)  already  attached  in  an  optimum  power-coupling  configura- 
tion. This  section  of  fiber  is  generally  referred  to  as  a fly  lead  or  a pigtail.  The 
power-launching  problem  for  these  pigtailed  sources  thus  reduces  to  a simpler  one 
of  coupling  optical  power  from  one  fiber  into  another.  The  effects  to  be  consid- 
ered in  this  case  include  fiber  misalignments:  different  core  sizes,  numerical 
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apertures.  und  core  rcfractivc-index  profiles;  plus  the  need  for  clean  and  smooth 
fiber  end  faces  that  arc  perpendicular  lo  the  fiber  axis. 

Care  must  ulso  be  exercised  when  measuring  the  coupling  efficiency  between 
the  fiber  fiylcad  and  the  cabled  fiber,  since  the  source  can  launch  a significant 
amount  of  optical  power  into  the  cladding  of  the  fiylcad  Although  this  power 
may  be  present  at  the  end  of  the  short  flylead.  it  will  not  be  coupled  into  the  core 
of  the  following  fiber.  A true  measurement  of  the  power  available  from  the  fiylcad 
for  coupling  into  a fiber  can  be  determined  only  by  stripping  ofT  the  cladding 
modes  before  measuring  the  output  optical  power 


5.1  SOI  RCE-TO-FIBKR  POWER 
LAUNCHING 

A convenient  and  useful  measure  of  the  optical  output  of  a luminescent  source  is 
u»  mdiuncc  (or  brightness)  B at  a given  diode  drive  current.  Radiance  is  the  optical 
power  radiated  into  a unit  solid  angle  per  unit  emitting  surface  urea  und  is  gen- 
erally specified  in  terms  of  watts  per  square  centimeter  per  stcrudtun.  Since  the 
optical  power  that  can  he  coupled  into  a fiber  depends  on  (he  radiance  (i.c.,  on  the 
spatial  distribution  of  the  optical  power),  the  radiance  of  an  optical  source  rather 
than  the  total  output  power  is  the  important  parameter  when  considering  sourcc- 
to-fiber  coupling  efficiencies 

5.1.1  Source  Output  Pattern 

To  determine  the  optical  power-accepting  capability  of  a fiber,  the  spatial  radi- 
ation pattern  of  the  source  must  first  be  known.  This  pattern  can  be  fairly  com- 
plex Consider  Fig.  5-1.  which  shows  a spherical  coordinate  system  characterized 
by  R.  0,  and  with  the  normal  to  the  emitting  surface  being  the  polar  axis  The 
radiance  may  be  a function  of  both  $ and  <t>.  and  can  also  vary  from  point  to  point 
on  the  emitting  surface.  A reasonable  assumption  for  simplicity  of  analysis  is  to 
take  the  emission  to  be  uniform  across  the  source  area 
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Surface-emitting  LEDs  arc  characterized  by  their  lambcrtian  output  pat- 
tern. which  means  the  source  is  equally  bright  when  viewed  from  any  direction 
The  power  delivered  at  an  angle  0.  measured  relative  to  a normal  to  the  emitting 
surface,  varies  as  cos#  because  the  projected  area  of  the  emitting  surface  varies  as 
cos  8 with  viewing  direction.  The  emission  pattern  for  a lambcrtian  source  thus 
follows  the  relationship 

B(8,  <p)  = Bo  cos  9 (5-1) 

where  B0  i*  the  radiance  along  the  normal  to  the  radiating  surface.  The  radiance 
pattern  for  this  source  is  shown  in  Fig.  5-2. 

Edge-emitting  LEDs  and  laser  diodes  have  a more  complex  emission  pat- 
tern. These  devices  have  different  radiances  B{8. 0")  and  Bit).  90'  ) in  the  planes 
parallel  and  normal,  respectively,  to  the  emitting-junction  plane  of  the  device 
These  radiances  can  be  approximated  by  the  general  form1 

_J sin2*  coy** 

Bo  cos 1 9 + Bo  cos1 0 

The  integers  T and  L arc  the  transverse  and  lateral  power  distribution  coeffi- 
cients. respectively.  In  general,  for  edge  emitters,  L = I (which  is  a lambcrtian 
distribution  with  a 120"  half-power  beam  width)  and  T is  significantly  larger.  For 
laser  diodes.  1.  can  take  on  values  over  100 

■ Example  5-1.  Figure  5-2  compares  a lambcrtian  pattern  with  a User  diode  that  hast 
lateral  (41  = 0")  half-power  beam  width  of  2fl  = 10  In  this  case,  from  Eq  (5-2),  wc 
have 
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FICl  RE  5-2 

Radiance  patlcmt  for  a lambcrtian 
source  and  the  lateral  output  of  a 
highly  directional  laser  diode.  Both 
sources  have  Bo  normalised  In 
unity 
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5*.  ♦ = 0*)=flp(a»5")i  = ifla 

Solving  for  L.  wc  have 

log  0 5 Iog0.5 
logfcos  5’)  log  05962 

The  much  narrower  output  beam  from  a laser  diode  allows  significantly  more  light 
to  be  coupled  into  on  optical  fiber, 


5.1.2  Power -Coupling  Calculation 

To  calculate  the  maximum  optical  power  coupled  into  a fiber,  consider  first  the 
case  shown  in  Fig.  5-3  for  a symmetric  source  of  brightness  B{A„  12,).  where  A, 
and  12,  are  the  area  and  solid  emission  angle  of  the  source,  respectively  Here,  the 
fiber  end  face  is  centered  over  the  emitting  surface  of  the  source  and  is  positioned 
as  dose  to  it  as  possible.  The  coupled  power  can  be  found  using  the  relationship 

/»=  f dA,  [ rf!2,  /M,.12,) 

J A,  la, 

p B(9,  0)  sin  8 d8  r dr  (5-3) 

where  the  area  and  solid  acceptance  angle  of  the  fiber  define  the  limits  of  the 
integrals  In  this  expression,  first  the  radiance  B{8. 4>)  from  an  individual  radiating 
point  source  on  the  emitting  surface  is  integrated  over  the  solid  acceptance  angle 
of  ihc  fiber.  This  is  shown  by  the  expression  in  square  brackets,  where  «)(>,„*,  is  the 
maximum  acceptance  angle  of  the  fiber,  which  is  related  to  the  numerical  aperture 
NA  through  Eq.  (2-23).  The  total  coupled  power  is  then  determined  by  summing 
up  the  contributions  from  each  individual  cmiltmg-point  source  of  incremental 
area  dO,  r dr,  that  is.  integrating  over  the  emitting  area.  For  simplicity,  here  the 
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emitting  surface  is  taken  as  being  circular.  If  the  source  radius  r,  is  less  than  the 
fiber-core  radius  a , then  the  upper  integration  limit  rm  = r,;  for  source  areas  larger 
than  the  fiber -core  area,  rm  = a. 

As  an  example,  assume  a surface-emitting  LED  of  radius  r,  less  than  the 
fiber-core  radius  a.  Since  this  is  a lambcrtian  emitter.  Eq.  (5-1)  applies  and  Eq. 
(5-3)  becomes 


P 


rn-r 


cos  0 sin  0 </0  )</0,  r dr 


an! 


dO,  r dr 


NA  :d0,  r dr 


(54) 


where  the  numerical  aperture  NA  is  defined  by  Eq.  (2-23).  For  step-index  fibers 
the  numerical  aperture  is  independent  of  the  positions  0,  and  r on  the  fiber  end 
face,  so  that  Eq.  (5-4)  becomes  (for  r,  < a) 

/,Lto.,.tP  = JrJrf«o(NA),=:2^rJ^niA  (5-5) 

Consider  now  the  total  optical  power  P,  that  is  emitted  from  the  source  of 
area  A,  into  a hemisphere  (2rrsr)  This  is  given  by 

pi * r*/2 

P.-A,  J j m.4>)sinG  do  d<t> 

rn/2 

= jrrjlnBo  J cos  0 sm  0 do 

= arr?flo  (54) 

Equation  (5-5)  can.  therefore,  be  expressed  in  terms  of  P,: 

/’led.wi.  = F,(NA)j  for  r,<a  (5-7) 

When  the  radius  of  the  emitting  area  is  larger  than  the  radius  a of  the  fiber -core 
area,  Eq.  (5-7)  becomes 


P LED  itrp 


/MNA)J 


for  r,  > a 


(5-8) 


Example  5-2.  Consider  an  LED  that  has  a circular  emitting  area  of  radius  35 am 
and  a lambcrtian  emission  pattern  with  150  W/(cm‘  *r)  axial  radiance  at  a given 
dnve  current  Let  us  compare  the  optical  powers  coupled  into  two  step-index  fibers, 
one  of  which  has  a core  radius  of  25  4m  with  NA  = 0-20  and  the  other  which  has  a 
core  radius  of  50  ;im  with  N A = 0.20.  For  the  larger  core  fiber,  we  use  Eqs.  (54)  and 
(5-7)  to  gel 
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Pun**  - PA NA)3  = NA)1 

- ir^O  0035  cra)3|l  50 W/(cm3  srlKO.20)1  = 0.725 mW 

For  the  case  when  ihc  fiber  end-face  area  is  smaller  than  the  emitting  surface  area, 
wc  use  Eq.  (5-8)  Thus,  the  coupled  power  is  less  than  the  above  case  by  the  ratio  of 
the  radu  squared 

'w-  - ‘ (iS)1,onimW|  * 0J,mW 


In  the  case  of  a graded-index  fiber,  the  numerical  aperture  depends  on  the 
distance  r from  the  fiber  axis  through  the  relationship  defined  by  Eq.  (2-80).  Thus, 
using  Eqs.  (2-80<j)  and  (2-806).  the  power  coupled  from  a surface-emitting  LED 
into  a graded-index  fiber  becomes  (for  r,  < a) 

Pitt). tndai  = 2jrBv  | [n2(r)  - «|]r  dr 

-»«***[« 


= 2/VrjA  1 


[-^er] 


(5-9) 


where  the  last  expression  was  obtained  from  Eq.  (5-6). 

For  computer-based  analyses,  a Fourier  technique  can  be  used  in  place  of  a 
numerical  integration  of  the  above  expressions  to  rapidly  calculate  the  optical 
power  coupled  from  an  LED  into  a large-core  fiber.2  Furthermore,  the  foregoing 
analyses  assumed  perfect  coupling  conditions  between  the  source  and  the  fiber. 
This  can  be  achieved  only  if  the  refractive  index  of  the  medium  separating  the 
source  and  the  fiber  end  matches  the  index  nt  of  the  fiber  core.  If  the  refractive 
index  n of  this  medium  is  different  from  m . then,  for  perpendicular  fiber  end  faces, 
the  power  coupled  into  the  fiber  reduces  by  (he  factor 


*=(— V 

V"i  + «/ 


(5-10) 


where  R is  the  Fresnel  reflection  or  the  reflectivity  at  the  fiber-core  end  face.  The 
ratio  r = («i  — n)/(/i|  + n),  which  is  known  as  the  reflection  coefficient . relates  the 
amplitude  of  the  reflected  wave  to  the  amplitude  of  the  incident  wave. 

Hi  Example  5-3.  A GaAs  optical  source  with  a refractive  index  of  3.6  is  coupled  to  a 
silica  fiber  thai  has  a refractive  index  of  1.48.  If  the  fiber  end  and  the  source  are  in 
clow  physical  contact,  then,  from  F.q  (5-10),  Ihc  Fresnel  reflection  at  the  interface  is 


\n\+n)  \3.60  + 1 .48/ 
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This  value  of  H corresponds  to  a reflection  of  17.4  percent  of  the  emitted  optical 
power  back  into  the  source.  Given  that 

P rtloptod  "(I  - RIP  emitted 

the  power  loss  L in  decibels  is  found  from 

L = - 10  log(  ) = -lOlogfl  - «)  = -10  log! 0.826)  = 0.83  dB 

This  number  can  he  reduced  by  having  an  index-matching  mstcnul  between  the 
source  and  the  Tiber  end 

The  calculation  of  power  coupling  for  nonlambcrtian  emitters  following  o 
cylindrical  cos"  0 distribution  is  left  as  an  exercise.  The  power  launched  into  a 
Tiber  from  nn  edge-emitting  LED  that  has  a noncylindrical  distribution  is  rather 
complex.  An  example  of  this  has  been  given  by  Marcuse,3  to  which  the  reader  b 
referred  for  details.  Section  5.4  presents  a simplified  analysis  of  this  in  the  discus- 
sion on  coupling  LEDs  to  single-mode  fibers. 

5.1.3  Power  Launching  versus  Wavelength 

It  is  of  interest  to  note  that  the  optical  power  launched  into  a fiber  does  not 
depend  on  the  wavelength  of  the  source  but  only  on  its  brightness;  that  is.  iu 
radiance.  Let  us  explore  this  a little  further.  We  saw  in  Eq.  (2-81)  that  the  number 
of  modes  that  can  propagate  in  a graded-index  fiber  of  core  size  a and  index 
profile  a is 


Thus,  for  example,  twice  as  many  modes  propagate  in  a given  fiber  at  900  nm  than 
at  1300  nm. 

The  radiated  power  per  mode.  P./M.  from  a source  at  a particular  wave- 
length is  given  by  the  radiance  multiplied  by  the  square  of  the  nominal  source 
wavelength,4 

(5-12) 

Thus,  twice  as  much  power  is  launched  into  a given  mode  at  1300  nm  than  at 
900  nm  Hence,  two  identically  sized  sources  operating  at  different  wavelengths 
but  having  identical  radiances  will  launch  equal  amounts  of  optical  power  into  the 
same  fiber. 

5.1.4  Equilibrium  Numerical  Aperture 

As  we  noted  earlier,  a light  source  is  often  supplied  with  a short  (I-  to  2-m)  fiber 
flylead  attached  to  it  in  order  to  facilitate  coupling  the  source  to  a system  fiber.  To 
achieve  a low  coupling  loss,  this  flylead  should  be  connected  to  a system  fiber  that 
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has  a nominally  identical  NA  and  core  diameter.  A certain  amount  of  optical 
power  (ranging  from  0.1  to  I dB)  is  lost  at  this  junction,  the  exact  loss  depending 
on  the  connecting  mechanism;  this  is  discussed  in  See.  $.3.  In  addition  to  the 
coupling  loss,  an  excess  power  loss  will  occur  in  the  first  few  tens  of  meters  of 
the  system  fiber.  This  excess  loss  is  a result  of  nonpropagating  modes  scattering 
out  of  the  fiber  as  the  launched  modes  come  to  an  equilibrium  condition  (sec  Sec. 
3.4)  This  is  of  particular  importance  for  surface-emitting  LEDs,  which  tend  to 
launch  power  into  all  modes  of  the  fiber  Fiber-coupled  losers  arc  less  prone  to 
this  effect  since  they  tend  to  excite  fewer  nonpropugating  fiber  modes 

The  excess  power  loss  must  be  analyzed  carefully  in  any  system  design,  since 
ii  can  be  significantly  higher  for  some  types  of  fibers  than  for  others.5  An  example 
of  the  excess  power  loss  is  shown  in  Fig.  5-4  in  terms  of  the  fiber  numerical 
aperture  At  the  input  end  of  the  fiber,  the  light  acceptance  is  described  in 
terms  of  the  launch  numerical  aperture  NA,n  If  the  light-emitting  area  of  the 
LED  is  less  than  the  cross-sectional  area  of  the  fiber  core,  then,  at  this  point,  the 
power  coupled  into  the  fiber  ts  given  by  Eq.  (5-7),  where  NA  = NAm 

However,  when  the  optical  power  is  measured  in  long  fiber  lengths  after  the 
launched  modes  have  come  to  equilibrium  (which  is  often  taken  to  occur  at  50  m), 
the  effect  of  the  equilibrium  numerical  aperture  NA*,,  becomes  apparent.  At  this 
point,  the  optical  power  in  the  fiber  scales  as 


(5-13) 


where  Py>  is  the  power  expected  in  the  fiber  at  the  50-rn  point  based  on  the  launch 
NA.  The  degree  of  mode  coupling  occurring  m a fiber  is  primarily  a function  of 
the  core-cladding  index  difference.  It  can  thus  vary  significantly  among  different 
fiber  types.  Since  most  optical  fibers  attain  80-90  percent  of  their  equilibrium  NA 
after  about  50  m.  it  is  the  value  of  NA«,  that  is  important  when  calculating 
launched  optical  power  in  telecommunication  systems. 


name  <-* 

Example  ot*  the  change  in  numerical 
aperture  as  a function  of  fiber 
length 
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5.2  LENSING  SCHEMES  FOR  COUPLING 
IMPROVEMENT 

The  optical  power-launching  analysis  given  in  See.  5. 1 is  based  on  centering  a flat 
fiber  end  face  directly  over  the  light  source  as  close  to  it  as  possible.  If  the  source- 
emitting  area  is  larger  than  the  fiber-core  urea,  then  the  resulting  optical  power 
coupled  into  the  fiber  is  the  maximum  that  can  be  achieved.  This  is  a result  of 
fundamental  energy  und  radiance  conservation  principles*  (also  known  as  the  law 
of  brightness).  However,  if  the  emitting  area  of  the  source  is  smaller  than  the  core 
area,  a miniature  lens  may  be  placed  between  the  source  and  the  fiber  to  improve 
the  power-coupling  efficiency. 

The  function  of  the  microlens  is  to  magnify  the  emitting  area  of  the  source 
to  match  exactly  the  core  area  of  the  fiber  end  face  If  the  emitting  area  is 
increased  by  a magnification  factor  M,  the  solid  angle  within  which  optical 
power  is  coupled  to  the  fiber  from  the  LED  is  increased  by  the  same  factor. 

Several  possible  leasing  schemes'  '1J  are  shown  in  Fig.  5-5.  These  include  a 
rounded-end  fiber,  a small  glass  sphere  (nonimaging  microsphcre)  in  contact  with 
both  the  fiber  and  the  source,  a larger  spherical  lens  used  to  image  the  source  on 
the  core  area  of  the  fiber  end,  a cylindrical  lens  generally  formed  from  a short 
section  of  fiber,  a system  consisting  of  a spherical-surfaced  LF.D  and  a spherical- 
ended  fiber,  and  a taper-ended  fiber, 

Although  these  techniques  can  improve  the  source-to-fiher  coupling  effi- 
ciency, they  also  create  additional  complexities.  One  problem  is  that  the  lem 
size  is  similar  to  the  source  and  fiber-core  dimensions,  which  introduces  fabrica- 
tion and  handling  difficulties.  In  the  case  of  the  taper-ended  fiber,  the  mechanical 
alignment  mast  be  earned  out  with  greater  precision  since  the  coupling  efficiency 
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becomes  a more  sharply  peaked  function  of  the  spatial  alignment  However, 
alignment  tolerances  arc  increased  for  other  types  of  tensing  systems. 


5.2.1  Nonimaging  Microsphere 


One  of  the  most  efficient  lensing  methods  is  the  use  of  a nonimaging  microsphcrc. 
let  us  first  examine  its  use  for  a surface  emitter,  as  shown  in  Fig.  5-6.  We  first 
make  the  following  practical  assumptions:  the  spherical  lens  has  a refractive  index 
of  about  2.0,  the  outside  medium  is  air  (n  = 1.0).  and  the  emitting  area  is  circular. 
To  collimate  the  output  from  the  LED.  the  emitting  surface  should  be  located  at 
the  focal  point  of  the  lens  The  focal  point  can  be  found  from  the  gaussian  lens 
formula11 


n n'  n'  — n 
- + — = 

s q r 


(5-14) 


where  .«  and  q arc  the  object  and  image  distances,  respectively,  as  measured  from 
the  lens  surface,  n is  the  refractive  index  of  the  lens, «'  is  the  refractive  index  of  the 
outside  medium,  and  r is  the  radius  of  curvature  of  the  lens  surface. 

The  following  sign  conventions  are  used  with  Eq.  (5-14): 


1.  Light  travels  from  left  to  right. 

2.  Object  distances  are  measured  as  positive  to  the  left  of  a vertex  and  negative 
to  the  right 

3.  Image  distances  are  measured  as  positive  to  the  right  of  a vertex  and  negative 
to  the  left 

4.  All  convex  surfaces  encountered  by  the  light  have  a positive  radius  of  curva- 
ture, and  concave  surfaces  have  a negative  radius. 

With  the  use  of  these  conventions,  we  shull  now  find  the  focal  point  for  the 
right-hand  surface  of  the  lens  shown  in  Fig.  5-6.  To  find  the  focal  point,  we  set 
q = oo  and  sojve  for  s in  Eq.  (5-14),  where  s is  measured  from  point  B With 
n = 2.0.  n'  = 1.0.  q = oo.  and  r = — RL.  Eq.  (5-14)  yields 

s=f  = 2RL 


FIGURE  5-6 

Schematic  diagram  of  an  LED  emitter  with  a microtphcre  lent 
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Thus,  the  focal  point  is  located  on  the  lens  surface  at  point  A.  (This,  of  course, 
changes  if  the  refractive  index  of  the  sphere  is  not  equal  to  2.0.) 

Placing  the  LED  close  to  the  lens  surface  thus  results  in  a magnification  M 
of  the  emitting  area.  This  is  given  by  the  ratio  of  the  cross-sectional  area  of  the 
lens  to  that  of  the  emitting  area: 


Using  Eq.  (5-4)  we  can  show  that,  with  the  lens,  the  optical  power  Pl  that  can  be 
coupled  into  a full  uperture  angle  28  is  given  by 


Pl  = 


(5-16) 


where  P,  is  the  total  output  power  from  the  LED  without  the  lens. 

The  theoretical  coupling  efficiency  that  can  be  achieved  is  based  on  energy 
and  radiance  conservation  principles. u This  efficiency  is  usually  determined  by 
the  size  of  the  fiber.  For  a fiber  of  radius  a and  numerical  aperture  NA,  the 
maximum  coupling  efficiency  ijau*  is  given  by 


bnm  — 


(a)‘(NA)2  for  £ > NA 
1 for  £ < NA 


(5-17) 


Thus,  when  the  radius  of  the  emitting  area  is  larger  than  the  fiber  radius,  no 
improvement  in  coupling  efficiency  is  possible  with  a lens.  In  this  case,  the  best 
coupling  efficiency  is  achieved  by  a direct-butt  method. 

Based  on  Eq.  (5-17),  the  theoretical  coupling  efficiency  as  a function  of  the 
emitting  diameter  is  shown  in  Fig.  5-7  for  a fiber  with  a numerical  aperture  of  0.20 
and  50-/i m core  diameter. 


5.2.2  Laser  Diode-to-Fiber  Coupling 

As  we  noted  in  Chap.  4,  edge-emitting  laser  diodes  have  an  emission  pattern  that 
nominally  has  a full  width  at  half-maximum  (FWHM)  of  30-50°  in  the  plane 
perpendicular  to  the  active-area  junction  and  an  FWHM  of  5-10’'  in  the  plane 
parallel  to  the  junction.  Since  the  angular  output  distribution  of  the  laser  it 
greater  than  the  fiber  acceptance  angle,  and  since  the  laser  emitting  area  ii 
much  smullcr  than  the  fiber  core,  spherical  or  cylindrical  lenses10,11,15  or  optical 
fiber  tapers14-1’  can  also  be  used  to  improve  the  coupling  efficiency  between  edge- 
emitting  laser  diodes  and  optical  fibers.  This  also  works  well  for  vertical-cavity 
surface-emitting  lasers  (VCSELs).  Here,  coupling  efficiencies  to  multimode  fibers 
of  35  percent  result  for  mass-produced  connections  of  laser  arrays  to  parallel 
optical  fibers,  and  efficiencies  of  better  than  90  percent  arc  possible  by  direct 
(lenslcss)  coupling  from  a single  VCSEI.  source  to  a multimode  fiber  70 
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FIGL'RE  5-7 

Theoretical  coupling  efficiency  for  a surface- 
emitting  LEO  a*  a function  of  the  emitting 
diameter  Coupling  i»  to  a fiber  with 
NA  = 0 20  and  core  radius  a = 25  i<m 


The  use  of  homogeneous  glass  microspherc  lenses  has  been  tested  in  a scries 
of  several  hundred  laser  diode  assemblies  by  Khoc  and  Kyut.15  Spherical  glass 
lenses  with  a refractive  index  of  1.9  and  diameters  ranging  between  50  and  60 «im 
were  epoxied  to  the  ends  of  50-/im  core-diameter  graded-index  fibers  having  a 
numerical  aperture  of  0.2.  The  measured  FWHM  values  of  the  laser  output  beams 
were  as  follows: 

1.  Between  3 and  9/im  for  the  near-field  parallel  to  the  junction. 

2.  Between  30  and  60"  for  the  field  perpendicular  to  the  junction 

3.  Between  1 5 and  55"  for  the  field  parallel  to  the  junction. 

Coupling  efficiencies  in  these  experiments  ranged  between  50  and  80 
percent. 

5J  FIBER-TO- FIBER  JOINTS 

A significant  factor  in  any  fiber  optic  system  installation  is  the  requirement  to 
interconnect  fibers  in  u low-loss  manner.  These  interconnections  occur  ut  the 
optical  source,  at  the  photodetcctor,  at  intermediate  points  within  a cable 
where  two  fibers  are  joined,  and  at  intermediate  points  in  a link  where  two  cables 
arc  connected.  The  particular  technique  selected  for  joining  the  fibers  depends  on 
whether  a permanent  bond  or  an  easily  demountable  connection  is  desired  A 
permanent  bond  is  generally  referred  to  as  a splice,  whereas  a demountable  joint  is 
known  as  a connector. 

Every  joining  technique  is  subject  to  certain  conditions  which  can  cause 
various  amounts  of  optical  power  loss  at  the  joint.  These  losses  depend  on  param- 
eters such  as  the  input  power  distribution  to  the  joint,  the  length  of  the  fiber 


between  the  optical  source  and  the  joint,  the  geometrical  and  waveguide  charac- 
teristics of  the  two  fiber  ends  at  the  joint,  and  the  fiber  end-face  qualities. 

The  optical  power  that  can  be  coupled  from  one  fiber  to  another  is  limited 
by  the  number  of  modes  that  can  propagate  in  each  fiber.  For  example,  if  u fiber 
in  which  500  modes  can  propagate  is  connected  to  a liber  in  which  only  400  modes 
can  propagate,  then,  at  most.  80  percent  of  the  optical  power  from  the  first  fiber 
can  be  coupled  into  the  second  fiber  (if  we  assume  that  all  modes  arc  equally 
excited)  For  a grndcd-indcx  fiber  with  a core  radius  a und  a cladding  index  n «, 
und  with  k — 2ir/k.  the  total  number  of  modes  can  be  found  from  the  expression 
(the  derivation  of  this  is  complex)'’ 

M = k:  - /tjjr  dr  (5-18) 

where  n(r)  defines  the  variation  in  the  refractive-index  profile  of  the  core.  This  can 
be  related  to  a general  local  numerical  aperture  NA(r)  through  Eq.  (2-80)  to  yield 

M = NA:lr)r  dr 

= *2NA:(0)£[l-Q"]rdr  (5-19) 

In  general,  any  two  fibers  that  are  to  be  joined  will  have  varying  degrees  of 
differences  in  their  radii  a.  axial  numerical  apertures  NA(0>,  and  index  profiles  a 
Thus,  the  fraction  of  energy  coupled  from  one  fiber  to  another  is  proportional  to 
the  common  mode  volume  Afwimm  (if  a uniform  distribution  of  energy  over  the 
modes  is  assumed).  The  liber-to-fiber  coupling  efficiency  rjf  is  given  by 


(5-20) 


where  Me  is  the  number  of  modes  in  the  emitting  fiber  (the  fiber  which  launches 
power  into  the  next  fiber) 

The  fiber-to-fiber  coupling  loss  Lr  is  given  in  terms  of  rjf  as 


Lf  = - 10  log  ij  f 


(5-21) 


An  analytical  estimate  of  the  optical  power  loss  at  u joint  between  multimode 
fibers  is  difficult  to  make,  since  the  loss  depends  on  the  power  distribution  among 
the  modes  in  the  fiber. For  example,  consider  first  the  cusc  where  all  modes  in 
a fiber  arc  equally  excited,  as  shown  in  Fig.  5-8u.  The  emerging  optical  beam  thus 
fills  the  entire  exit  numerical  aperture  of  this  emitting  fiber.  Suppose  now  that  a 
second  identical  fiber,  which  we  shall  call  the  receiving  Jibt'r,  ■>  to  be  joined  to  the 
emitting  fiber  For  the  receiving  fiber  to  accept  all  the  optical  power  emitted  by 
the  first  fiber,  there  must  be  perfect  mechanical  alignment  between  the  two  optical 
waveguides,  and  their  geometric  and  waveguide  characteristics  must  match 
precisely. 

On  the  other  hand,  if  steady-state  modal  equilibrium  has  been  established  in 
the  emitting  fiber,  most  of  the  energy  is  concentrated  in  the  lower-order  fiber 
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(a) 


(b) 

F1CI RK M 

[WTwcnt  modal  dritnhulionx  of  the  optical  beam  emerging  from  a fiber  lead  to  different  degree*  of 
coopting  low  (a)  When  all  mode*  are  equally  excited,  the  output  beam  filU  the  enure  output  NA.  (hi 
fur  • ucady-*Ule  modal  distribution,  only  the  equilibrium  NA  ts  filled  by  the  output  beam 


modes.  This  means  lhat  the  optical  power  is  concentrated  near  the  center  of  the 
fiber  core,  as  shown  in  Fig  5-8 b.  The  optical  power  emerging  from  the  fiber  then 
filh  only  the  equilibrium  numerical  aperture  (sec  Fig.  5-4).  In  this  ease,  since  the 
input  NA  of  the  receiving  fiber  is  larger  than  the  equilibrium  NA  of  the  emitting 
liber,  slight  mechanical  misalignments  of  the  two  joined  fibers  and  small  vari- 
ations in  their  geometric  characteristics  do  not  contribute  significantly  to  |oint 
loss. 

Steady-state  modal  equilibrium  is  generally  established  in  long  fiber  lengths 
liee  Chap.  3).  Thus,  when  estimating  joint  losses  between  long  fibers,  calculations 
based  on  a uniform  modal  power  distribution  tend  to  lead  to  results  which  may  be 
too  pessimistic.  However,  if  a steady-state  equilibrium  modal  distribution  is 
awumed.  the  estimate  may  be  too  optimistic,  since  mechanical  misalignments 
and  fibcr-to-liber  variations  in  characteristics  cause  a redistribution  of  power 
among  the  modes  in  the  second  fiber.  As  the  power  propagates  along  the  second 
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fiber,  an  additional  loss  will  thus  occur  when  a steady-state  distribution  is  again 
established 

An  exact  calculation  of  coupling  loss  between  different  optical  fibers,  which 
takes  into  account  nonuniform  distribution  of  power  among  the  modes  and  pro- 
pagation effects  in  the  second  fiber,  is  lengthy  and  involved  34  Here,  we  shall 
therefore  make  the  assumption  that  all  modes  in  the  fiber  are  equally  excited 
Although  this  give  a somewhat  pessimistic  prediction  of  joint  loss,  it  will  allow  an 
estimate  of  the  relative  effects  of  losses  resulting  from  mechanical  misalignments, 
geometrical  mismatches,  and  variations  in  the  waveguide  properties  between  two 
joined  fibers. 

5.3.1  Mechanical  Misalignment 

Mechanical  alignment  is  a major  problem  when  joining  two  fibers,  owing  to  their 
microscopic  size.3*"3*  A standard  multimode  gradcd-index  fiber  core  is  50-100  pm 
in  diameter,  which  is  roughly  the  thickness  of  u human  hair,  whereas  single-mode 
fibers  have  diameters  on  the  order  of  9jxm.  Radiation  losses  result  from  mechan- 
ical misalignments  because  the  radiation  cone  of  the  emitting  fiber  does  not  match 
the  acceptance  cone  of  the  receiving  fiber  The  magnitude  of  the  radiation  loss 
depends  on  the  degree  of  misalignment.  The  three  fundamental  types  of  misalign- 
ment between  fibers  arc  shown  in  Fig.  5-9. 

Longitudinal  separatum  occurs  when  the  fibers  have  the  same  axis  but  have  a 
gap  i between  their  end  faces  Angular  misalignment  results  when  the  two  axes 
form  an  angle  so  that  the  fiber  end  faces  arc  no  longer  parallel.  Axial  displacement 
(which  is  also  often  called  lateral  displacement)  results  when  the  axes  of  the  two 
fibers  are  separated  by  a distance  d 

The  most  common  misalignment  occurring  in  practice,  which  also  causes  the 
greatest  power  loss,  is  axial  displacement.  This  axial  offset  reduces  the  overlap 
area  of  the  two  fiber-core  end  faces,  as  illustrated  in  Fig.  5-10.  and  consequently, 
reduces  the  amount  of  optical  power  that  can  be  coupled  from  one  fiber  into  the 
other. 

To  illustrate  the  effects  of  axial  misalignment,  let  us  first  consider  the  sunple 
case  of  two  identical  step-index  fibers  of  radii  a.  Suppose  that  their  axes  are  offset 
by  a separation  d at  the  common  junction,  as  is  shown  in  Fig.  5-10,  3nd  assume 
there  is  a uniform  modal  power  distribution  in  the  emitting  fiber.  Since  the 
numerical  aperture  is  constant  across  the  end  faces  of  the  two  fibers,  the  optical 
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FICUftE  5-10 

Axial  ofUet  reduces  (he  common-core 
area  of  the  two  fiber  end  faces 


power  coupled  from  one  fiber  to  another  is  simply  proportional  to  the  common 
urea  ■tcomin  of  the  two  fiber  cores.  It  is  straightforward  to  show  that  this  is  (see 
Prob  5-9) 

j / j2\  1/2 

•4  comm  = 2tf  Jarccos  — - i/(uJ  — — j (5-22) 

For  the  step-index  fiber,  the  coupling  efficiency  is  stmply  the  ratio  of  the 
common-core  area  of  the  core  end-face  area. 


~ [l_  (a)  J <5-a> 

The  calculation  of  power  coupled  from  one  graded-index  fiber  into  another 
identical  one  is  more  complex,  since  the  numerical  aperture  varies  across  the  fiber 
end  face.  Because  of  this,  the  total  power  coupled  into  the  receiving  fiber  at  a 
given  point  in  the  common-core  area  is  limited  by  the  numerical  aperture  of  the 
transmitting  or  receiving  fiber,  depending  on  which  is  smaller  at  that  point. 

If  the  end  face  of  a graded-mdex  fiber  is  uniformly  illuminated,  the  optical 
power  accepted  by  the  core  will  be  that  power  which  falls  within  the  numerical 
aperture  of  the  fiber.  The  optical  power  density  p{r)  at  a point  r on  the  fiber  end  is 
proportional  to  the  square  of  the  local  numerical  aperture  NA(r)  at  that  point50 


p(r)  = p(  0) 


NA:(r) 

NA;(0) 


(5-24) 


where  NA(r)  und  NA(0)  arc  defined  by  Fqs.  (2-80n)  and  (2-80/)),  respectively.  The 
parameter  p{ 0)  is  the  power  density  at  the  core  axis,  which  is  related  to  the  total 
power  P in  the  fiber  by 


P = 


| j ^p(r)r  dr  de 


(5-25) 


For  an  arbitrary  index  profile,  the  double  integral  in  Eq.  (5-25)  must  be  evaluated 
numerically.  However,  an  analytic  expression  can  be  found  by  using  a fiber  with  a 
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parabolic  index  profile  (or  = 2.0).  Using  Eq.  (2-80).  the  power  density  expression 
at  a point  r given  by  Eq.  (5-24)  becomes 

p(r)  = /»(0)j^l  - Q j (5-26) 

Using  Eqs.  (5-25)  and  (5-26).  the  relationship  between  the  axial  power  density  [H, 0) 
and  the  total  power  P in  the  emitting  fiber  is 

% 

JfJ T*- 

P = ^yP(0)  (5-27) 

Let  us  now  calculate  the  power  transmitted  across  the  butt  joint  of  the  two 
purubolic  gruded-index  fibers  with  un  axial  offset  J,  as  shown  in  Fig.  5-11.  The 
overlap  region  must  be  considered  separately  for  the  areas  A\  and  Aj.  In  area  A\ 
the  numerical  aperture  is  limited  by  that  of  the  emitting  fiber,  whereas  in  area 
the  numerical  aperture  of  the  receiving  fiber  is  smaller  than  that  of  the  emitting 
fiber  The  vertical  dashed  line  separating  the  two  areas  is  the  locus  of  points  where 
the  numerical  apertures  are  equal. 

To  determine  the  power  coupled  into  the  receiving  fiber,  the  power  density 
given  by  Eq.  (5-26)  is  integrated  separately  over  areas  A \ and  A;,  Since  the 
numerical  aperture  of  the  emitting  fiber  is  smaller  than  that  of  the  receiving 
fiber  in  area  Ai.  all  of  the  power  emitted  in  this  region  will  be  accepted  by  the 
receiving  fiber.  The  received  power  P\  in  area  At  is  thus 


Px 


p(r)r  dr  dti 


-tt 


(5-28) 


where  the  limits  of  integration,  shown  in  Fig  5-12,  are 

J 

r'  ~ 2 cost) 


FIGURE  5-11 

Core  overlap  region  for  two  identical  parabolic  graded-rndex  fibers  with  an  axial  separation  J Pomti 
f,  and  «j  are  arbitrary  points  of  symmetry  in  areas  A i and  Ay 
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FIGURE  5-12 

Area  and  limit*  of  integration  for  the 
common-core  area  of  two  parabolic 
graded -index  fiber* 
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Carrying  out  the  integration  yields 


urccos 


d T /t/Vl'  d(  d2\ 

6a{5- 5?) 


(5-29) 


where p(Q)  is  given  by  Eq.  (5-27).  The  derivation  of  Eq.  (5-29)  is  left  as  an  exercise. 

In  area  A:  the  emitting  fiber  has  a larger  numerical  aperture  than  the  receiv- 
ing fiber.  This  means  that  the  receiving  fiber  will  accept  only  that  fraction  of  the 
emitted  optical  power  that  falls  within  its  own  numerical  aperture.  This  power  can 
be  found  easily  from  symmetry  considerations. ” The  numerical  aperture  of  the 
receiving  fiber  at  a point  xj  in  area  Aj  is  the  same  as  the  numerical  aperture  of  the 
emitting  fiber  at  the  symmetrical  point  ,t|  in  area  A\.  Thus,  the  optical  power 
accepted  by  the  receiving  fiber  at  any  point  .v*  in  area  A } is  equal  to  that  emitted 
from  the  symmetrical  point  X|  in  area  A\.  The  total  power  P:  coupled  across  area 
A 3 is  thus  equal  to  the  power  P\  coupled  across  area  Ay.  Combining  these  results, 
wt  have  that  the  total  power  Pr  accepted  by  the  receiving  fiber  is 


Pr  = 2 Py 


d 


urccos  - — 
2 a 


(5-30) 


When  the  axial  misalignment  d is  small  compared  with  the  core  radius  a.  Eq. 
(5-30)  can  be  approximated  by 


(5-31) 
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This  is  accurate  to  within  1 percent  for  d/a  < 0.4.  The  coupling  loss  for  the  offset! 
given  by  Eqs.  (5-30)  and  (5-31)  is 

Lr  = -10  log  nr  = -10  log  ^ (5-32) 

The  effect  of  separating  the  two  fiber  ends  longitudinally  by  a gap  s is  shown 
in  Fig.  5-13.  Not  all  the  higher-mode  optical  power  emitted  in  the  ring  of  width  x 
will  be  intercepted  by  the  receiving  fiber.  It  is  straightforward  to  show  that,  for  a 
step-index  fiber,  the  loss  occurring  in  this  case  is 


where  9C  is  the  critical  acceptance  angle  of  the  fiber 

When  the  axes  of  two  joined  fiber  are  angularly  misaligned  at  the  joint,  the 
optical  power  that  leaves  the  emitting  fiber  outside  of  the  solid  acceptance  angle 
of  the  receiving  fiber  will  be  lost.  For  two  step-index  fibers  that  have  an  angular 
misalignment  9,  the  optical  power  loss  at  the  joint  has  been  shown  to  be12-’1 

Lf  - -lOlog^costfj^-ipfl  -p1)''1  - ^arcsin/i 

-*[^J<1  — y*),/a+iarc«nj'  + ijJ^  (5-34) 

where 


cos6>c(l  - cos 9) 
sin  9C  sin  9 

cos  )0r 

(cos2  0<-  sin2  9$ * 

cos2  9C(  1 - cos  9)  — sin:  9 
sin  9r  cos  0t  sin  9 


Coupled  Lott 

power  power 


FIGURE  5-13 

Low  effect  when  the  fiber  cndi  are  •epurated  longitudinally  by  a gap  i. 


JJ  FIBER. TOFlBEft  HUNTS  223 


The  derivation  of  Eq.  (5-34)  again  assumes  that  all  modes  arc  uniformly  excited. 

An  experimental  comparison27  of  the  losses  induced  by  the  three  types  of 
mechanical  misalignments  is  shown  in  Fig.  5-14.  The  measurements  were  bused  on 
two  independent  experiments  using  LED  sources  and  gruded-index  fibers.  The 
core  diameters  were  50  and  55  /on  for  the  first  and  second  experiments,  respec- 
tively. A 1.83-m-long  fiber  was  used  in  the  first  test  and  20-m  length  in  the  second. 
In  other  case,  the  power  output  from  the  fibers  was  first  optimized.  The  fibers 
were  then  cut  at  the  center,  so  that  the  mechanical  misalignment  loss  measure- 
ments were  carried  out  on  identical  fibers.  The  axial  offset  and  longitudinal 
separation  losses  are  plotted  as  functions  of  misalignment  normalized  to  the 
core  radius.  A normalized  angular  misalignment  of  0 1 corresponds  to  u I angu- 
lar offset. 

HB  Example  5-4.  Suppose  two  graded  index  fibers  are  misaligned  with  an  axial  offset  of 
d = 0 .1a  From  Eq.  (5-30),  wc  have  that  the  fraction  of  optical  power  coupled  from 
the  first  fiber  into  the  second  fiber  is 

7^  = * { arccos(0- 1 5)  — ( I =0.748 

or.  m decibels. 

I0log^=— l.27dB 

which  compares  with  the  cxpcnmcnt.il  value  shown  in  Fig.  5-14. 


Normalized  lingular  misalignment,  tf  ‘train  NA(0) 


Normalized  offset  Jla  or  separatum  j/a 


F10I 'BE  5-14 

F.tperi menial  comparison  of  loss  tin  dBI  as  a function  of  mechanical  misalignments  (Reproduced  with 
permission  from  Chu  and  McCormick/1  © 1974,  ATAT) 
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Figure  5-14  shows  that,  of  the  three  mechanical  misalignments,  the  domi- 
nant loss  arises  from  lateral  displacement.  In  practice,  angular  misalignments  of 
less  than  1°  arc  readily  achievable  in  splices  and  connectors.  From  the  experi- 
mental data  shown  in  Fig.  5-14.  these  misalignments  result  in  losses  of  less  than 
0.5  dB 

For  splices,  the  separation  losses  are  normally  negligible,  since  the  fibers 
should  be  in  relatively  close  contact.  In  most  connectors,  the  fiber  ends  are  inten- 
tionally separated  by  a small  gap  This  prevents  them  from  rubbing  against  each 
other  and  becoming  damaged  during  connector  engagement.  Typical  gaps  in  these 
applications  range  from  0.025  to  0.10  mm,  which  results  in  losses  of  less  than  0.8 
dB  for  a 50-/xm-diameter  fiber. 


5.3.2  Fiber-Related  Losses 

In  addition  to  mechanical  misalignments,  differences  in  the  geometrical  and  wave- 
guide characteristics  of  any  two  waveguides  being  joined  can  have  a profound 
effect  on  fiber-to-fiber  coupling  loss.  These  include  variations  in  core  diumctcr. 
core-area  cllipticity,  numerical  aperture,  refractive-index  profile,  and  core-clad- 
ding concentricity  of  each  fiber  Since  these  are  manufacturer-related  variations, 
the  user  generally  has  little  control  over  them  Theoretical  and  experimental 
studies24  M* 59  of  the  effects  of  these  variations  have  shown  that,  for  a given  per- 
centage mismatch,  differences  in  core  radii  und  numerical  apertures  have  a sig- 
nificantly larger  effect  on  joint  loss  than  mismatches  in  the  refractive-index  profile 
or  core  elliplictty. 

The  joint  losses  resulting  from  core  diameter,  numerical  aperture,  and  core 
refractivc-mdex-profilc  mismatches  can  easily  be  found  from  Eqs  (5-19)  and 
(5-20).  For  simplicity,  let  the  subscripts  f and  R refer  to  the  emitting  and  receiving 
fibers,  respectively.  If  the  radii  as  and  or  are  not  equal  but  the  axial  numerical 
apertures  and  the  index  profiles  are  equal  [NA£(0)  = NA*(0)  and  o s = <»*].  then 
the  coupling  loss  is 


Lr(a) 


or  < as 
or  > as 


(5-35) 


If  the  radii  and  the  index  profiles  of  the  two  coupled  fibers  arc  identical  but  their 
axial  numerical  apertures  are  different,  then 


WNA)  = 


0 


for  NA*(0)  < NAH0) 
for  NA*<0)  > NAf(O) 


(5-36) 


Finally,  if  the  radii  and  the  axial  numerical  apertures  arc  the  same  but  the  core 
rclractivc-indcx  profiles  differ  in  two  joined  fibers,  then  the  coupling  loss  is 
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Lyia)  = 


-10  log 
0 


a*(«g  + 2) 
ag(o*  + 2) 


for  at«  < ore 

for  an  > oe 


(5-37) 


This  results  because  for  an  < a e the  number  of  modes  that  can  be  supported  by 
the  receiving  fiber  is  less  than  the  number  of  modes  in  the  emitting  fiber.  If 
an  > ore.  then  all  modes  in  the  emitting  fiber  can  be  captured  by  (he  receiving 
fiber  The  derivations  of  Eqs.  (5-35)  to  (5-37)  arc  left  as  an  exercise  (see  Probs. 
5-13  through  5-15). 


5.3.3  Fiber  Ertd-Face  Preparation 

One  of  the  first  steps  that  must  be  followed  before  fibers  are  connected  or  spliced 
to  each  other  is  to  prepare  the  fiber  end  faces  properly.  In  order  not  to  have  light 
deflected  or  scattered  at  the  joint,  the  fiber  ends  must  be  flat,  perpendicular  to  the 
fiber  axis,  and  smooth.  End-preparation  techniques  that  have  been  extensively 
used  include  sawing,  grinding  and  polishing,  and  controlled  fracture 

Conventional  grinding  and  polishing  techniques  can  produce  a very  smooth 
surface  that  is  perpendicular  to  the  fiber  axis.  However,  this  method  is  quite  time- 
consuming  and  requires  a fair  amount  of  operator  skill.  Although  it  is  often 
implemented  in  a controlled  environment  such  as  a laboratory  or  a factory,  it  is 
not  readily  adaptable  for  field  use  The  procedure  employed  in  the  grinding  and 
polishing  technique  is  to  use  successively  finer  abrasives  to  polish  the  fiber  end 
face  The  end  face  is  polished  with  each  successive  abrasive  until  the  scratches 
created  by  the  previous  abrasive  material  arc  replaced  by  the  finer  scratches  of  the 
present  abrasive.  The  number  of  abrasives  used  depends  on  the  degree  of  smooth- 
ness that  is  desired. 

Controlled-fracturc  techniques  are  based  on  scorc-and- break  methods  for 
cleaving  fibers.  In  this  operation,  the  fiber  to  be  cleaved  is  first  scratched  to  create 
a stress  concentration  at  the  surface.  The  fiber  is  then  bent  over  a curved  form 
while  tension  is  simultaneously  applied,  as  shown  in  Fig.  5-15.  This  action  pro- 
duces a stress  distribution  across  the  fiber  The  maximum  stress  occurs  at  the 
Kratch  point  so  that  a crack  starts  to  propagate  through  the  fiber. 

One  can  produce  a highly  smooth  and  perpendicular  end  face  in  this  way  A 
number  of  different  tools  based  on  the  controlled-fracturc  technique  have  been 
developed  and  are  being  used  both  in  the  field  and  in  factory  environments. 
However,  the  controlled-fracturc  method  requires  careful  control  of  the  curvature 
of  the  fiber  and  of  the  amount  of  tension  applied.  If  the  stress  distribution  ucross 
the  crack  is  not  properly  controlled,  the  fracture  propagating  across  the  fiber  can 
fork  into  several  cracks.  This  forking  produces  defects  such  as  a lip  or  a hackled 
portion  on  the  fiber  end.  as  shown  in  Fig.  5-16.  The  EIA  Fiber  Optic  Test 
Procedures  (FOTP)  57  and  179  define  these  and  other  common  end-face  defects 
as  follows:40  41 
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Up  This  is  a sharp  protrusion  from  the  edge  of  a cleaved  fiber  that  prevents 
the  cores  from  coming  in  dose  contact  Excessive  bp  height  con  cause  fiber 
damage 

Rolhff.  This  rounding-off  of  the  edge  of  a fiber  is  the  opposite  condition  to 
lipping.  It  is  also  known  as  breakover  and  can  cause  high  insertion  or  splice  loss 
Chip.  A chip  is  a localized  fracture  or  break  at  the  end  of  a cleaved  fiber 
Hackle.  Figure  5-16  shows  this  as  severe  irregularities  across  a fiber  end 

face. 

Wul.  This  is  similar  to  hackle  but  much  less  severe. 

Spiral  or  step  These  arc  abrupt  changes  in  the  end-face  surface  topology, 
Shattering.  This  is  the  result  of  an  uncontrolled  fracture  and  has  no  defin- 
able cleavage  or  surface  characteristics. 


5.4  LED  COUPLING  TO  SINGLE-MODE 
FIBERS 

In  the  early  years  of  optical  fiber  applications,  LEDs  were  traditionally  considered 
only  for  multimode-fiber  systems.  However,  around  1985,  researchers  recognized 
that  edge-emitting  LEDs  can  launch  sufficient  optical  power  into  a single-mode 
fiber  for  transmission  at  data  rates  up  to  560  Mb/s  over  several  kilometers.0'4" 
The  interest  in  this  arose  because  of  the  cost  and  reliability  advantages  of  LEDs 
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Two  examples  of  improperly  cleaved  fiber  end* 


226  POWER  LAUNCHING  AND  COUPLING 


FIGURE  5-15 

ControUed-fraclurc  procedure  for  fiber  end  preparation 


Lip.  This  is  a sharp  protrusion  from  the  edge  of  a cleaved  fiber  that  prcvcnli 
the  cores  from  coming  in  close  contact  Excessive  lip  height  can  cause  fiber 
damage 

Rolloff.  This  rounding-off  of  the  edge  of  a fiber  is  the  opposite  condition  to 
lipping.  It  is  also  known  as  breakover  and  can  cause  high  insertion  or  splice  lots 
Chip.  A chip  is  a localized  fracture  or  break  at  the  end  of  a cleaved  fiber 
Hackle  Figure  5-16  shows  this  as  severe  irregularities  across  a fiber  end 

face. 

Mist.  This  is  similar  to  hackle  but  much  less  severe. 

Spiral  or  step.  These  are  abrupt  changes  in  the  end-face  surface  topology 
Shattering'.  This  is  the  result  of  an  uncontrolled  fracture  and  has  no  defin- 
able cleavage  or  surface  characteristics. 


5.4  LED  COUPLING  TO  SINGLE-MODE 
FIBERS 

In  the  early  years  of  optical  fiber  applications.  LEDs  were  traditionally  considered 
only  for  multimodc-fibcr  systems.  However,  around  1985,  researchers  recognized 
that  edge-emitting  LEDs  can  launch  sufficient  optical  power  into  a single-mode 
fiber  for  transmission  at  data  rates  up  to  560  Mb/s  over  several  kilometers.4-'*' 
The  interest  in  this  arose  because  of  the  cost  and  reliability  advantages  of  LEDs 


FIGURE  5-lb 

Two  example*  of  improperly  cleaved  fiber  end* 
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>ver  laser  diodes  Edge-emitling  LCDs  are  used  for  these  applications  since  they 
tave  a laserlikc  output  pattern  in  the  direction  perpendicular  to  the  junction 
>latvc 

To  rigorously  evaluate  the  coupling  between  an  LED  and  a single-mode 
iber  we  need  to  use  the  formalism  of  electromagnetic  theory  rather  than  geomet- 
ical  optics,  because  of  the  monomodc  nature  of  the  fiber.  However,  coupling 
inulyscs  of  the  output  from  an  edge-emitting  LED  to  a single-mode  fiber  can  be 
larncd  out  wherein  the  results  of  clcctromugnctic  theory  arc  interpreted  from  u 
geometrical  point  of  view,4V47  which  involves  defining  a numerical  uperture  for 
;he  single-mode  fiber.  Agreement  with  experimental  measurements  and  with  u 
non:  exact  theory  are  quite  good.46"44 

Here,  we  will  use  the  analysis  of  Keith  and  Shumute46  to  look  at  the  follow- 
ing two  cases  (I)  direct  coupling  of  an  LED  into  a single-mode  fiber,  and  (2) 
:oupling  into  a single-mode  fiber  from  a multimode  flylead  attached  to  the  LED 
In  general,  edge-emitting  LEDs  have  gaussian  near-field  output  profiles  with  \/tr 
full  widths  of  approximately  0 9 and  22  jam  in  the  directions  perpendicular  and 
parallel  to  the  junction  plane,  respectively  The  far -field  patterns  vary  approxi- 
mately as  cos7 0 in  the  perpendicular  direction  and  as  cos#  (lambertian)  in  the 
parallel  direction 

For  a source  with  a circularly  asymmetric  radiance  B(A$,  Q,v).  Eq.  (5-3)  is. 
in  general,  not  separable  into  contributions  from  the  perpendicular  and  parallel 
directions  However,  we  can  approximate  the  independent  contributions  by  eval- 
uating Eq.  (5-3)  as  if  each  component  were  a circularly  symmetric  source,  and 
then  taking  the  geometric  mean  to  find  the  total  coupling  efficiency.  Calling  these 
the  x (parallel)  and  y (perpendicular)  directions,  and  letting  r,  and  r,  be  the  v and 
l'  power  transmissivities  (directional  coupling  efficiencies),  respectively,  we  can 
find  the  maximum  LED-to-fiber  coupling  efficiency  17  from  the  relation 

7 = ^r  = r,i>  (5-38) 

where  Pm  is  the  optical  power  launched  into  the  fiber  and  P,  is  the  total  source 
output  power. 

Using  a small-angle  approximation,  we  first  integrate  over  the  effective  solid 
acceptance  angle  of  the  fiber  to  get  jtNA;m.  where  the  geometncal-optics-based 
fiber  numerical  aperture  NAsm=0.I1.  Assuming  a gaussian  output  for  the 
source,  then  for  butt  coupling  of  the  LED  to  the  single-mode  fiber  of  radius  a, 
the  coupling  efficiency  in  the  y direction  is 


g*  £ B,  1 dr  Jfl,irNA7M 

jf*  Bo  t-Vl*y  dy  dd,  jf*  £'*  cos’tfsind  M 


,1/1 


(5-39) 
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where  Pm.v  is  the  optical  power  coupled  into  the  fiber  from  the  direction  source 
output,  which  has  a l/«r  LED  intensity  radius  to,.  One  can  write  a similar  set  of 
integrals  for  r,.  Letting  a = 4.5/im,  to,  = 10.8 /jm.  and  ioy  = 0.47 /rm.  Rcith  and 
Shumate  calculated  r,  = -12.2  dB  and  r,  = -6.6  dB  to  yield  a total  coupling 
efficiency  n = -18.8  dB.  Thus,  for  example,  if  the  LED  emits  200  /iW  (-7  dBmi. 
then  2.6 /i W (-25.8  dBm)  gets  coupled  into  the  single-mode  fiber 

When  a I-  to  2-m  multimodc-fibcr  flyicad  is  attached  to  an  edge-emitting 
LED.  the  ncar-ficld  profile  of  the  multimode  fiber  has  the  same  asymmetry  as  the 
LED  In  this  case,  one  can  assume  that  the  multimodc-fibcr  optical  output  is  a 
simple  gaussian  with  different  beam  widths  along  the  x and  y directions.  Using  a 
similar  coupling  analysis  with  effective  beam  widths  of  o>,  = 19.6jim  and 
to,  = 10.0 /i m.  the  directional  coupling  efficiencies  are  x,  = —7.8  dB  and 
r,,  = -5.2  dB.  yielding  a total  LED-to-fiber  coupling  efficiency  ij  = -13.0  dB 

5.5  FIBER  SPLICING 

A fiber  splice  is  a permanent  or  semipermanent  joint  between  two  fibers.  These  ait 
typically  used  to  create  long  optical  links  or  in  situations  where  frequent  connec- 
tion and  disconnection  arc  not  needed.  In  making  and  evaluating  such  splices,  one 
must  take  into  account  the  geometrical  differences  in  the  two  fibers,  fiber  mis- 
alignments at  the  joint,  and  the  mechanical  strength  of  the  splice  This  section  first 
addresses  general  splicing  methods  and  then  examines  the  factors  contributing  to 
loss  when  splicing  single-mode  fibers. 

5.5.1  Splicing  Techniques 

Fiber  splicing  techniques  include  the  fusion  splice.50"5'*  the  V-groovc  mechanical 
splice.54"57  and  the  clastic-tube  splice.5* 59  The  first  technique  yields  a permanent 
joint,  whereas  the  other  two  types  of  splices  can  be  disassembled  if  necessary 
Fusion  splices  arc  made  b\  thermally  bonding  together  prepared  fiber  ends, 
as  pictured  in  Fig.  5-17.  In  this  method,  the  fiber  ends  arc  first  prealigned  and 
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fusion  splicing  ol  optical  fibers 
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butted  together.  This  is  done  cither  in  a grooved  fiber  holder  or  under  a micro- 
scope with  micromanipulators.  ITte  butt  joint  is  then  heated  with  an  electric  arc  or 
a laser  pulse  so  that  the  fiber  ends  are  momentarily  melted  and  hence  bonded 
together.  This  technique  can  produce  very  low  splice  losses  (typically  averaging 
less  than  0.06  dB)  However,  care  must  be  exercised  in  this  technique,  since  surface 
damage  due  to  handling,  surface  defect  growth  created  during  heating,  and  resi- 
dual stresses  induced  near  the  joint  as  a result  of  changes  in  chemical  composition 
arising  from  the  material  melting  can  produce  a weak  splice.*0  61 

In  the  V-groove  splice  technique,  the  prepared  fiber  ends  are  first  butted 
together  in  a V-shaped  groove,  as  shown  in  Fig  5-18  They  are  then  bonded 
together  with  an  adhesive  or  are  held  in  place  by  means  of  a cover  plate.  The 
V-shaped  channel  can  be  cither  a grooved  silicon,  plastic,  ceramic,  or  metal  sub- 
strate. The  splice  toss  in  this  method  depends  strongly  on  the  fiber  size  (outside 
dimensions  and  core-diameter  variations)  and  eccentricity  (the  position  of  the 
core  relative  to  the  center  of  the  fiber). 

The  elastic-tube  splice  shown  cross-sectionallv  in  Fig.  5-19  is  a unique  device 
that  automatically  performs  lateral,  longitudinal,  and  angular  alignment.  It 
iptices  multimode  fibers  to  give  tosses  in  the  sumc  range  as  commercial  fusion 
splices,  but  much  less  equipment  and  skill  arc  needed  The  splice  mechanism  is 
basically  a lube  made  of  an  clastic  material.  The  central  hole  diameter  is  slightly 
smaller  than  that  of  the  fiber  to  be  spliced  and  is  tupered  on  each  end  for  easy 
fiber  insertion  When  a fiber  is  inserted,  it  expands  the  hole  diameter  so  that  the 
elastic  matcnul  exerts  a symmetncul  force  on  the  fiber.  This  symmetry  feature 
allows  an  accurate  and  automatic  alignment  of  the  axes  of  the  two  fibers  to  be 
joined  A wide  range  of  fiber  diameters  can  be  inserted  into  the  clastic  tube.  Thus, 
the  fibers  to  be  spliced  do  not  have  to  be  equal  in  diameter,  since  each  fiber  moves 
into  position  independently  relative  to  the  tube  axis 
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V-jnxnt  optical  fiber  tplicing  technique 
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FIGURE  J-H 

Schematic  «*r  an  elaitic-tuhe  splice 


5.5.2  Splicing  Single-Mode  Fibers 


As  is  the  case  in  multimode  fibers,  in  single-mode  fibers  the  lateral  (axial)  offset 
loss  presents  the  most  serious  misalignment.  This  loss  depends  on  the  shape  of  the 
propagating  mode.  For  gaussian -shaped  beams  the  loss  between  identical  fibers 


[-(*)’]  | 

where  the  spot  size  W is  the  mode-field  radius  defined  in  Eq.  (2-74).  and  J is  the 
lateral  displacement  shown  in  Fig.  5-9.  Since  the  spot  size  is  only  a few  micro- 
meters in  single-mode  fibers,  low-loss  coupling  requires  a very  high  degree  of 
mechanical  precision  in  the  axial  dimension. 

MB  Example  5-5.  A single-mode  fiber  has  a normalized  frequency  V = 2.40.  a core 
refractive  index  it|  = 1.47.  a cladding  refractive  index  n;  = 1 465.  and  a core  diam- 
eter la  - 9 fim  Let  us  find  the  insertion  losses  of  a fiber  joint  having  a lateral  ofliei 
of  I urn 

First,  using  the  expression  for  the  mode-field  diameter  from  Prob  2-24.  wc  have 
H'o  = <40.65  + I.619K-’'3  + 2.879F**) 

= 4.5(0.65  + l.619(2.40)->/J  + 2.879(2.40)-*]  = 4.95  pm 
Then,  from  Eq.  (5-40),  we  have 

L smu.  = -IOIog(exp(-(l/4.95)3])  =O.I8dB 


For  angular  misalignment  in  single-mode  fibers,  the  loss  at  a wavelength  k 

is« 


Umm  = -10  log  {exp 


(5-41) 


= - 10  log  j exp  J 
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where  «j  is  the  refractive  index  of  the  cladding.  9 is  the  angular  misalignment  in 
radians  shown  in  Fig.  5-9,  and  W is  the  mode-field  radius. 

■■  Example  5-6.  Consider  the  single-mode  fiber  described  in  Example  5-5.  Ixt  us  find 
the  loss  at  a joint  having  an  angular  misalignment  of  1“  at  a I JOO-nm  wavelength 
From  Eq.  (5-41),  we  have 


£-sm.m«  = - 10  log 


H-( 


ir<1.46Si(4. 95X0.0175) 
1.3 


)1I- 


0.4 1 dB 


For  a gap  a with  a material  of  index  rtj,  and  letting  C = s/kWl *.  the  gap  loss 
for  identical  single-mode  fiber  splices  is 


isw.g.p 


-10  log 


(An\n\ 

(ni  -f  rt})*(G3 4 5 6  + 4) 


(5-42) 


Set  Eq  (5-43)  for  a more  general  equation  for  dissimilar  fibers. 


5.6  OPTICAL  FIBER  CONNECTORS 

A wide  variety  of  optical  fiber  connectors  has  evolved  for  numerous  different 
applications.  Their  uses  range  from  simple  single-channel  fiber-to-fiber  connec- 
tors in  a benign  location  to  multichannel  connectors  used  in  harsh  military  field 
environments.  Some  of  the  principal  requirements  of  a good  connector  design  are 
as  follows: 


I.  Low  coupling  losses.  The  connector  assembly  must  maintain  stringent  align- 
ment tolerances  to  assure  low  mating  losses.  These  low  losses  must  not  change 
sigmlicuntly  during  operation  or  after  numerous  connects  and  disconnects. 

1 Interchangeability.  Connectors  of  the  same  type  must  be  compatible  from  one 
manufacturer  to  another 

3.  Ease  of  assembly.  A service  technician  should  readily  be  able  to  install  the 
connector  in  a field  environment;  that  is.  in  a location  other  than  the  con- 
nector factory.  The  connector  loss  should  also  be  fairly  insensitive  to  the 
assembly  skill  of  the  technician. 

4.  Low  environmental  sensitivity.  Conditions  such  as  temperature,  dust,  and 
moisture  should  have  a small  effect  on  connector-loss  variations. 

5.  Low-cost  and  reliable  construction.  The  connector  must  have  a precision 
suitable  to  the  application,  but  its  cost  must  not  be  a major  factor  in  the 
fiber  system. 

6.  Ease  of  connection  Generally,  one  should  he  able  to  mate  and  dematc  the 
connector,  simply,  by  hand. 
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5.6.1  Connector  Types 

Connectors  arc  available  In  screw -on.  bayonet-mount,  and  push  pull  config- 
urations.,SM* 74  These  include  both  single-channel  und  multichannel  assemblies 
for  cable-to-cuble  and  for  cublc-to-drcuit  card  connections.  The  basic  coupling 
mechanisms  used  in  these  connectors  belong  to  either  the  butt-joint  or  the 
expanded- foam  classes. 

Butt-joint  connectors  employ  a metal,  ceramic,  or  molded-plastic  ferrule  fot 
each  fiber  and  a precision  sleeve  into  which  the  ferrule  fit.  The  fiber  is  epoxied  into 
a precision  hole  which  has  been  drilled  into  the  ferrule.  The  mechanical  challenges 
of  ferrule  connectors  include  maintaining  both  the  dimensions  of  the  hole  diam- 
eter and  its  position  relative  to  the  ferrule  outer  surface. 

Figure  5-20  shows  two  populur  butt-joint  alignment  designs  used  in  both 
multimode  and  single-mode  fiber  systems.  These  are  the  straight-sleeve  and  the 
tapered-sleeve  (or  biconica!)  mechanisms  In  the  straight-sleeve  connector,  the 
length  of  the  sleeve  and  a guide  ring  on  the  ferrules  determine  the  end  separation 
of  the  fibers.  The  biconical  connector  uses  a tapered  sleeve  to  accept  and  guide 
tapered  ferrules  Again,  the  sleeve  length  and  the  guide  rings  maintain  a given 
fiber-end  separation. 

An  cxpandcd-bcam  connector,  illustrated  in  Fig.  5-21.  employs  lenses  on  the 
ends  of  the  fibers.  These  lenses  either  collimate  the  light  emerging  from  the  trans- 
mitting fiber,  or  focus  the  expanded  beam  onto  the  core  of  the  receiving  fiber.  The 
fibcr-to-lcns  distance  is  equal  to  the  focal  length  of  the  lens.  The  advantage  of  this 
scheme  is  that,  since  the  beam  is  collimated,  separation  of  the  fiber  ends  may  take 
place  within  the  connector.  Thus,  the  connector  is  less  dependent  on  lateral  align- 
ments. In  addition,  optical  processing  elements,  such  as  beam  splitters  and 
switches,  can  easily  be  inserted  into  the  expanded  beam  between  the  fiber  ends. 


Almnment  Alignment 
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FIGURE  5-20 

Examples  of  two  popular  alignment  scheme*  used  in  fiber  optic  connectors  <a)  straight  sleeve.  (FI 
tapered  sleeve 
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FIG!  Ht  5-21 

Schematic  tepmcnuiion  of  »n  expanded  beam  fiber  optic  connector 


5.6.2  Single-Mode  Fiber  Connectors 


Because  of  the  wide  use  of  single-mode  fiber  optic  links  and  because  of  the  greater 
alignment  precision  required  for  these  systems,  this  section  addresses  single-mode 
connector  coupling  losses.  Based  on  the  gaussian-bcam  model  of  single-mode 
fiber  fields.*0  Ncmota  and  Makimoto7'  derived  the  following  coupling  loss  (in 
decibels)  between  single-mode  fibers  that  have  unequal  mode-field  diameters 
(which  is  an  intrinsic  factor)  and  lateral,  longitudinal,  and  angular  offsets  plus 
reflections  (which  are  all  extrinsic  factors): 
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■ core  rcfracuve  index  of  fibers 

“ refractive  index  of  medium  between  fibers 
= wavelength  of  source 
lateral  offset 

■ longitudinal  offset 

- angular  misalignment 
= l/e  mode-field  radius  of  transmitting  fiber 
= l/e  mode-field  radius  of  receiving  fiber 


(5-43) 


This  general  equation  gives  very  good  correlation  with  experimental 
investigations.64 
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5.6.3  Connector  Return  Loss 

A connection  point  in  an  optical  link  can  be  categorized  into  Tour  interface  typo 
These  consist  of  either  a perpendicular  or  an  angled  end-face  on  the  fiber,  and 
either  a direct  physical  contact  between  the  fibers  or  a contact  employing  an 
index-matching  material.  Each  of  these  methods  has  a basic  application  for 
which  it  is  best  suited.  The  physical-contact  type  connectors  without  index-match- 
ing material  arc  traditionally  used  in  situations  where  frequent  reconnections  are 
required,  such  as  within  a building  or  on  localized  premises.  Index-matchm| 
connectors  arc  standardly  employed  in  outside  cable  plants  where  the  reconnec- 
tions are  infrequent,  but  need  to  have  a low  loss. 

This  section  gives  some  details  on  index-matched  and  direct  physical  con- 
tacts. and  briefly  discusses  angled  interfaces.  In  each  case,  these  connccuocu 
require  high  return  losses  (low  reflection  levels)  and  low  insertion  loses  (high 
optical-signal  throughput  levels).  The  low  reflectance  levels  are  desired  since 
optical  reflections  provide  a source  of  unwanted  feedback  into  the  laser  cavity 
This  can  affect  the  optical  frequency  response,  the  linewidth.  and  the  internal 
noise  of  the  laser,  which  results  in  degradation  of  system  performance. 

Figure  5-22  shows  a model  of  an  index-matched  connection  with  perpen- 
dicular fiber  end  faces  In  this  figure  and  in  the  following  analyses,  offsets  and 
angular  misalignments  arc  not  taken  into  account  The  connection  model  shows 
that  the  fiber  end  faces  have  a thin  surface  layer  of  thickness  h having  a high 
refractive  index  n;  relative  to  the  core  index,  which  is  a result  of  fiber  polishing 
The  fiber  core  has  an  index  no.  and  the  gap  width  J between  the  end  faces  is  filled 
with  index-matching  material  having  a refractive  index  <t|.  The  return  loss  RLtv 
in  decibels  for  the  index-matched  gap  region  is  given  by7* 


RL,V  = -l0log|2/?[l  -cos(^)]| 


(5-44) 


Incident  light 
H 


High  refractjvt-tnde*  layer  of  index  a, 

H I 


FIGURE  5 -U 

Model  of  an  index-matched  connection  with  perpendicular  Tiber  end  faces. 
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where 


rf  -t-r^  + 2/-|riCos3 
I + rfr?  + 2r|r;COS<5 


(5-45) 


a the  reflectivity  at  a single  material-coated  end  face,  and 


«o  - »2 
w<»  4-  nj 


and 


*:  - Hi 

»2  + ni 


(5-46) 


tie  the  reflection  coefficients  through  the  core  from  the  high-index  layer  and 
through  the  high-index  layer  from  the  core,  respectively.  The  parameter 
g = (4tt/X)«2A  is  the  phase  difference  in  the  high-index  layer  The  factor  2 in 
£q  (5-44)  accounts  for  reflections  at  both  fiber  end  faces.  The  value  of  nj  of 
the  glass  surface  layer  varies  from  1 .46  to  1 .60.  and  the  thickness  h ranges  from  0 
to  0.1 5 /im. 

When  the  perpendicular  end  faces  are  in  direct  physical  contact,  the  return 
k»>  RLk  in  decibels  is  given  by76 


RL«r  = - 10  log  J 2/?:  |^1  -cos^p2/r)  [ 


(5-47) 

(5-48) 


Here,  R:  is  the  reflectivity  at  the  discontinuity  between  the  refractive  indices  of  the 
fiber  core  and  the  high-index  surface  layer.  In  this  case,  the  return  loss  at  a given 
wavelength  depends  on  the  value  of  the  refractive  index  n;  and  the  thickness  h of 
the  surface  layer. 

Connections  with  angled  end-faces  are  used  in  applications  where  an  ultra- 
low  reflection  is  required.  Figure  5-23  shows  a cross-sectional  view  of  such  a 
connection  with  a small  gap  of  width  J separating  the  fiber  ends.  The  fibet 


1 


FIGURE  5- 23 

Connection  *ith  angled  end  Etoe*  having  a small  gap  of  widlh  J separating  (he  fiber  end* 


2.16  POWER  LAUNCHING  AND  COUPLING 


core  has  an  mdex  no.  and  the  material  in  the  gap  has  a refractive  index  p*i  . The  end 
faces  are  polished  at  an  angle  do  with  respect  to  the  plane  perpendicular  to  the 
fiber  axis.  This  angle  is  typically  8 If  /,  and  /,  are  the  incident  and  throughput 
optical  power  intensities,  respectively,  then  the  transmitted  efficiency  /'  through 
the  connector  is77 


where 

sin  % _ « 
sin  6 n«  ’ 

The  insertion  loss  for  this  type  of  connector  with  an  8 angle  will  vary  from  0 dB 
for  no  gap  to  0.6  dB  for  an  air  gap  of  width  d = 1 .0  //m.  Note  that  when  an  index- 
matching material  is  used  so  that  n<,  = n,t  then  R = 0 and  T = I . When  zio  * «i 
the  transmitted  efficiency  (and  hence  the  connector  loss)  has  an  oscillatory  be- 
havior as  a function  of  the  wavelength  and  the  end-face  angle 


r_  A=  (l  - Rf 


I,  (1  -K):+4rtsin*(0/2) 


(5-49) 


„ 4 rm  i^/costf 

fl  = !- . and  R 
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PROBLEMS 

5-1.  Analogous  to  Fig.  5-2,  use  a computer  to  plot  and  compare  the  emission  pattens 
from  a lamhenian  source  and  a source  with  an  emission  pattern  given  by 
BU>)  = Aicos’ff.  Assume  both  sources  have  the  same  peak  radiance  flu.  which  u 
normalized  to  unity  in  each  case. 

5-2.  Consider  light  sources  where  Ihc  emission  pattern  is  given  by  B(€)  = flu  cos"  ft  Use 
a computer  to  plot  fltfl)  as  a function  of  m in  the  range  1 < rn  < 20  at  viewin? 
angles  of  10'S  2 0\  and  45  Assume  all  sources  have  the  same  peak  radiance  H, 

5-3.  A laser  diode  ha*  lateral  = 0- ) and  transverse  (<p  - 90  ) half-power  beam  widths 
of  20  = 60'  and  30’.  respectively.  What  are  the  transverse  and  lateral  power  dis- 
tribution coefficients  for  this  device? 

5-4.  An  LED  svilh  a circular  emitting  area  of  radius  20  yim  has  a lambertian  emission 
pattern  with  a IOO-W/(cmJ  • sr)  axial  radiance  at  a 100-mA  dnve  current.  How 
much  optical  power  can  be  coupled  into  a step-index  fiber  having  a IUO-yim  core 
diameter  and  NA  = 0.22?  How  much  optical  power  can  be  coupled  from  thsi 
source  into  a 50-jim  corc-diamctcr  graded -indci  fiber  having  or  «=  2.0,  nt  = I 4‘, 
and  A = 0.01? 

5-5.  A GuAv  optical  source  that  has  a refractive  index  of  3.600  is  closely  coupled  lo  • 
step-index  fiber  which  has  a core  refractive  index  of  I 465  If  ihc  source  uzr  a 
smaller  than  the  fiber  core,  and  the  small  gap  between  the  source  and  the  fiber  n 
filled  with  a gel  that  has  a refractive  index  of  1.305.  what  is  the  power  lots  ia 
decibels  from  the  source  into  the  fiber'.' 

5-6.  Lise  Eq.  (5-3)  to  derive  an  expression  for  Ihc  power  coupled  into  a step-index  fiber 
from  an  LF.D  that  has  a radiant  distribution  given  by 


fl((0  = Bo  cod"  9 
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3-7.  On  the  same  graph,  plot  the  maximum  coupling  efficiencies  as  u function  of  the 
source  radius  r,  for  the  following  fibers: 

(a)  Core  radius  of  25/im  and  NA  =0.16 
(A)  Core  radius  of  50jim  and  NA  = 0.20. 

Let  r,  range  from  0 to  SO  jim  In  what  regions  can  a lens  improve  the  coupling 
efficiency? 

5-K.  The  end  faces  of  two  optical  libers  with  core  refractive  indices  of  I 485  are  perfectly 
aligned  and  have  u small  gap  between  them  If  this  gap  is  filled  with  a gel  that  has  a 
refractive  index  of  1.305.  find  the  optical  power  in  decibels  reflected  at  one  interface 
of  this  joint.  If  the  gap  is  very  small,  what  is  the  power  loss  in  decibels  through  the 
joint  when  no  index-matching  material  is  used?  Note  that  n = 1.0  for  cur. 

$•».  Verify  that  Eq.  (5-22)  gives  the  common-core  area  of  the  two  axially  misaligned 
step-index  fibers  shown  m Fig  $-10.  If  d = O la.  what  is  the  coupling  efficiency'’ 
5-10.  Consider  the  three  fibers  having  the  properties  listed  in  Table  P5-I0  Use  Eq.  (5-23) 
to  complete  this  table  for  connector  losses  (in  decibels)  due  lo  the  indicated  axial 
misalignmenls. 


TsHI.K  1*5-10 


< ..opting  km  (dBl  for  given  esUl  miulign 

oral  (>.ml 

Cite*  tin: 

cmv  diameter  (>un)/dad  diameter  (><ai) 

1 3 5 

10 

50,125 

0.590 

*25  123 

100'  M0 

5-1 1.  Show  that  when  the  axial  misalignment  of  d is  small  compared  with  the  core  radius 
a.  Eq.  (5-30)  can  he  approximated  by  Eq  (5-31 ) Compare  Eqs.  (5-30)  and  (5-31)  m 
terms  of  /’r//’  as  a function  of  d/a  over  the  range  0 < d/a  <04 

$-12  Consider  an  optical  fiber  that  has  a core  refractive  index  m = I 48  and  a numerical 
aperture  NA  = 0.20  Using  Eqs.  (5-32),  (5-33).  and  (5-34),  plot  the  three  mechan- 
ical misalignment  losses  in  decibels  over  the  following  ranges: 

(a)  0 < d/a  < 1.0 
(A)  0 < t/a  < 3.0 

(f)  0 <»<  10* 

5-13.  Using  Eqs  (5-19)  and  (5-20).  show  that  Eq.  (5-35)  gives  the  coupling  loss  for  two 
fibers  with  unequal  core  radii  Plot  the  coupling  loss  in  decibels  as  a function  of 

for  0.5  < om/oc  £ • 0. 

5-14  Using  Eqs.  (5-19)  and  (5-20),  show  that  Eq.  (5-36)  gives  the  coupling  loss  for  two 
fibers  with  unequal  axial  numerical  apertures.  Plot  this  coupling  loss  in  decibels  as  a 
function  of  NA*(0)/NAf.(0)  over  the  range  0.5  < NA*(0)/NA/(0)  < 1.0. 

5-15.  Show  that  Eq.  (5-37)  gives  the  coupling  loss  for  two  fibers  with  difTcrent  core 
refractive-index  profiles  Plot  this  coupling  loss  in  decibels  os  a function  of 
»*/«£  over  the  range  0.75  < or n/ae  £ I 0 Take  ae  = 2.0. 

5-16.  Consider  two  multimode  graded-index  fibers  that  have  the  characteristics  given  in 
Table  P5-I6.  If  these  two  fibers  are  perfectly  aligned  with  no  gap  between  them, 
calculate  the  splice  losses  and  the  coupling  efficiencies  for  the  following  cases 
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TABU  P5-16 


Parameter 

fiber  1 

Fiber  2 

Core  mdes  «, 

1.46 

14* 

Index  difference  A 

0010 

0.015 

Core  radius  a 

50  am 

62.5  pm 

Profile  factor  a 

200 

ISO 

(<i)  Light  going  from  fiber  1 to  fiber  2. 

(A)  Light  going  from  fiber  2 to  fiber  I. 

5-17.  Consider  two  identical  single-mode  optical  fibers  that  have  a core  refractive  tndei 
n i = 1.4*  and  a mode-field  radius  tb'  — 5nm  at  1 300  nm  Assume  the  material 
between  the  fiber  ends  is  air  with  an  index  of  10  Using  Eq  (5-43),  plot  the 
following  connector  losses  in  decibels  (in  each  cose,  vary  onl>  one  alignment  para- 
meter. keeping  the  other  two  mechanical  misalignments  fixed  at  rero) 

(o)  Lateral  offset  over  the  range  0 < d < 4/int 
(6)  Longitudinal  offset  over  the  range  0 < j < 40 nm 
(c)  Angular  misalignment  over  the  range  0 < 0 < 2* . 

VI*.  Assuming  that  a single-mode  connector  has  no  losses  due  to  extrinsic  factors,  show 
that  a 10  percent  mismatch  in  mode-field  diameters  yields  a loss  of  0.05  dB 

5-19.  Consider  two  fibers  that  have  core  refractive  indices  n„  = | 463  Assume  these 
fibers  are  separated  by  a gap  d = 0.22  |im.  which  is  filled  with  a material  that 
has  a refractive  index  N|  = 1.467.  Use  Eq  (5-44)  to  plot  the  return  loss  a*  a function 
of  the  high-index-layer  thickness  h over  the  range  0 < h < 0 1 5 (ini  for  values  of «; 
equal  to  I 467.  I 500.  and  I 600 

5-20.  Consider  a connector  in  which  the  fibers  have  angled  end-faces  and  core  refractive 
indices  n,,  = 1.470.  as  shown  in  Fig.  5-23.  Assume  the  gap  d = I jim  and  the  face 
angle  0 = 8',  The  connector  experiences  no  loss  when  the  gap  is  filled  with  an 
index-matching  material  that  has  m = I 470  Thus,  use  the  relationship 


LU)=  10  log 


[ 


T(E.  n,  = I 470.  d = r)l 

Tik.  a,  =1.00.  0 = 8°)  J 


to  plot  the  throughput  loss  with  an  air  gap  ( n , = 1.0  for  air)  as  a function  of 
wavelength  for  700  nm  < X,  < I800nm 
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CHAPTER 

6 


PHOTODETECTORS 


At  the  output  end  of  an  optical  transmission  line,  there  must  be  a receiving  device 
which  interprets  the  information  contained  in  the  optical  signal  The  first  element 
of  this  receiver  is  a pholodetector.  The  photodetector  senses  the  luminescent 
power  falling  upon  it  and  converts  the  variation  of  this  optical  power  into 
u correspondingly  varying  electric  current.  Since  the  optical  signal  is  generally 
weakened  and  distorted  when  it  emerges  from  the  end  of  the  fiber,  the  photo- 
detector  must  meet  very  high  performance  requirements.  Among  the  foremost  of 
these  requirements  arc  a high  response  or  sensitivity  in  the  emission  wavelength 
range  of  the  optical  source  being  used,  a minimum  addition  of  noise  to  the  system, 
and  a fast  response  speed  or  sufficient  bandwidth  to  handle  the  desired  data  rale. 
The  photodetcctor  should  also  be  insensitive  to  variations  in  temperature,  be 
compatible  with  the  physical  dimensions  of  the  optical  fiber,  have  a reasonable 
cost  in  relation  to  the  other  components  of  the  system,  and  have  a long  operating 
life. 

Several  different  types  of  photodctectors  are  in  existence.  Among  these  arc 
photomultipliers,1*3  pyroelectric  detectors,4  and  semiconductor-based  photocon- 
ductors, phototransistors,  and  photodiodes.3  However,  many  of  these  detectors 
do  not  meet  one  or  more  of  the  foregoing  requirements.  Photomultipliers  con- 
sisting of  a photocathodc  and  an  electron  multiplier  packaged  in  a vacuum  tube 
are  capable  of  very  high  gain  and  very  low  noise.  Unfortunately,  their  large  size 
and  high  voltage  requirements  make  them  unsuitable  for  optical  fiber  systems. 
Pyroelectric  photodctectors  involve  the  conversion  of  photons  to  heat.  Photon 
absorption  results  in  a temperature  change  of  the  detector  material.  This  gives  nsc 
to  a variation  in  the  dielectric  constant  which  is  usually  measured  as  a capacitance 
change  The  response  of  this  detector  is  quite  flat  over  a broad  spectral  band,  but 
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its  speed  is  limited  by  the  detector  cooling  rule  after  it  has  been  excited.  Its 
principal  use  is  for  detecting  high-speed  laser  pulses,  and  it  is  not  well  suited 
for  optical  fiber  systems. 

Of  the  semiconductor-based  photodetectors,  the  photodiode  is  used  almost 
exclusively  for  fiber  optic  systems  because  of  its  small  size,  suitable  material,  high 
sensitivity,  and  fust  response  time.  The  two  types  of  photodiodes  used  are  the  pin 
pholodctector  and  the  avalanche  photodiode  (APD).  Detailed  reviews  of  these 
photodiodes  have  been  presented  in  the  literature.,-5',°  We  shall  examine  the 
fundamental  characteristics  of  these  two  device  types  in  the  following  sections 
In  describing  these  components,  we  shall  make  use  of  the  elementary  principles  of 
semiconductor  device  physics  given  in  Sec.  4. 1 . Basic  discussions  of  photodclec- 
tion  processes  can  be  found  in  various  tcxls.,u- 

6.1  PHYSICAL  PRINCIPLES  OF 
PHOTODIODES 

6.1.1  The  pin  Pholodctector 

The  most  common  semiconductor  pholodctector  is  the  pin  photodiode,  shown 
schematically  m Fig.  6-1  The  device  structure  consists  of  p and  n regions  sepa- 
rated by  a very  lightly  n-doped  intrinsic  (0  region.  In  normal  operation  a suffi- 
ciently large  reverse-bias  voltage  is  applied  across  the  device  so  that  the  intrinsic 
region  is  fully  depleted  of  carriers  That  is.  the  intrinsic  n and  p earner  concentra- 
tions are  negligibly  small  in  comparison  with  the  impurity  concentration  in  this 
region. 

When  an  incident  photon  has  an  energy  greater  than  or  equal  to  the  band- 
gap  energy  of  the  semiconductor  material,  the  photon  can  give  up  its  energy  and 
excite  an  electron  from  the  valance  band  to  the  conduction  band.  This  process 
generates  free  electron  hole  pairs,  which  are  known  us  photocarriers  since  they  are 
photon-generated  charge  carriers,  as  is  shown  in  Fig.  6-2.  The  photodetector  is 
normally  designed  so  that  these  carriers  are  generated  mainly  in  the  depletion 
region  (the  depleted  intrinsic  region)  where  most  of  the  incident  light  is  absorbed. 
The  high  electric  field  present  in  the  depletion  region  causes  the  carriers  to  sepa- 
rate and  be  collected  across  the  reverse-biased  junction.  This  gives  rise  to  a current 
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FIGURE  6-2 

Simple  energy-band  diagram 
for  a pin  photodiode.  Photons 
with  an  energy  greater  than  or 
equal  to  the  band-gap  energy 
Eg  can  generate  free  electron- 
hole  pairs  which  act  as  photo- 
current carriers. 


flow  in  an  external  circuit,  with  one  electron  flowing  for  every  carrier  pair 
generated.  This  current  flow  is  known  as  the  photocurrent. 

As  the  charge  carriers  flow  through  the  material,  some  electron-hole  pairs 
will  recombine  and  hence  disappear.  On  the  average,  the  charge  carriers  move  a 
distance  L„  or  Lp  for  electrons  and  holes,  respectively.  This  distance  is  known  as 
the  diffusion  length.  The  time  it  takes  for  an  electron  or  hole  to  recombine  is 
known  as  the  carrier  lifetime  and  is  represented  by  r„  and  ta,  respectively.  The 
lifetimes  and  the  diffusion  lengths  are  related  by  the  expressions 

Ln  = {D„t„  yA  and  Lp  = (DpTp) 

where  D„  and  Dp  are  the  electron  and  hole  diffusion  coefficients  (or  constants), 
respectively,  which  are  expressed  in  units  of  centimeters  squared  per  second. 

Optical  radiation  is  absorbed  in  the  semiconductor  material  according  to  the 
exponential  law 


Pix)  = Po(l  - e-  ) (6-1) 

Here,  aA(X)  is  the  absorption  coefficient  at  a wavelength  X,  PQ  is  the  incident  optical 
power  level,  and  P{x)  is  the  optical  power  absorbed  in  a distance  x. 

The  dependence  of  the  optical  absorption  coefficient  on  wavelength  is 
shown  in  Fig.  6-3  for  several  photodiode  materials. ,A  As  the  curves  clearly 
show,  depends  strongly  on  the  wavelength.  Thus,  a particular  semiconductor 
material  can  be  used  only  over  a limited  wavelength  range.  The  upper  wavelength 
cutoff  Ac  is  determined  by  the  band-gap  energy  Eg  of  the  material.  If  Eg  is 
expressed  in  units  of  electron  volts  (eV),  then  XA.  is  given  in  units  of  micrometers 
(pm)  by 


he  _ 124 

X,(pm)  =:-  = - = 

Eg-Eg(cW) 


(6-2) 


The  cutoff  wavelength  is  about  1.06pm  for  Si  and  1.6/xm  for  Ge.  For  longer 
wavelengths,  the  photon  energy  is  not  sufficient  to  excite  an  electron  from  the 
valence  to  the  conduction  band. 
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FIGL'RE  6-3 

Optical  abaorption  coefficient  a»  a 
(unction  of  wavelength  for  uhcoti 
germanium,  and  gallium  arsenide 
(Reproduced  with  pcrmiimon  from 
Miller.  Marcstili.  and  U,u  (0  1973. 
IEEE) 


Example  6-1.  A photodiode  is  constructed  of  GaAv  which  has  a band-gap  energy  of 
1.43  eV  at  300  K From  Eq.  (6-2).  the  long- wavelength  cutoff  is 


he  (6.62$  x 10  M J s)(3  x 10*  m/s) 

£,  ~ (I.43eVKI  6x  l(H*J/ev)  * 


869  nm 


This  GaAs  photodiode  will  not  operate  for  photons  of  wavelength  greater  than 
869  nm 


At  the  lower-wavelength  end.  the  photoresponse  cuts  off  as  a result  of  the 
very  large  values  of  a,  at  the  shorter  wavelengths.  In  this  case,  the  photons  are 
absorbed  very  close  to  the  photodetector  surface,  where  the  recombination  time  of 
the  generated  electron  hole  pairs  is  very  short.  The  generated  carriers  thus  recom- 
bine before  they  can  be  collected  by  the  photodetector  circuitry. 

If  the  depletion  region  has  a width  w,  then,  from  Eq.  (6-1),  the  total  power 
absorbed  in  the  distance  w is 


/V)  = /Wl (6-3) 

If  we  take  into  account  a reflectivity  R/  at  the  entrance  face  of  the  photodiode, 
then  the  primary  photocurrent  lr  resulting  from  the  power  absorption  of  Eq.  (6-3) 
is  given  by 

/g^nO-e^XI-*/)  (6-4) 

where  P0  is  the  optical  power  incident  on  the  photodetector,  q is  the  electron 
charge,  and  hv  is  the  photon  energy 
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Two  important  characteristics  of  a photodciector  are  its  quantum  efficiency 
and  its  response  speed  These  parameters  depend  on  the  material  band  gap,  the 
operating  wavelength,  and  the  doping  and  thickness  of  the  p,  i.  and  n regions  of 
the  device.  The  quantum  efficiency  i)  is  the  number  of  the  electron  hole  earner 
pairs  generated  per  incident  photon  of  energy  h\<  and  is  given  by 

_ number  of  electron-hole  pairs  generated  _ lr/q 
number  of  incident  photons  Pu/hv 

Here,  lp  is  the  average  photocurrent  generated  by  a steady-state  average  optical 
power  P0  incident  on  the  photodetector 


Example  6-2.  In  a 100-as  pulse.  6x10*  photons  at  a wavelength  of  1300  nm  fall  on 
an  InGaAs  photodctcctor.  On  the  average,  5.4  x 10*  electron-hole  (e-b)  pain  are 
generated.  The  quantum  efficiency  is  found  from  Eq  (6-5)  as 

number  of  e-h  pain  generated  _ 5 .4  x 10*  ^ ^ ^ 
n number  of  incident  photons  6 x 10® 


Thus,  the  quantum  efficiency  at  1300  nm  is  90  percent 

In  a practical  photodiode,  100  photons  will  create  between  30  and  95  elec- 
tron hole  pairs,  thus  giving  a detector  quantum  efficiency  ranging  from  30  to  95 
percent.  To  achieve  a high  quantum  efficiency,  the  depletion  layer  must  be  thick 
enough  to  permit  a large  fraction  of  the  incident  light  to  be  absorbed  However, 
the  thicker  the  depletion  layer,  the  longer  it  takes  for  the  photogenerated  earners 
to  drift  across  the  reverse-biased  junction.  Since  the  earner  dnfl  time  determines 
the  response  speed  of  the  photodiode,  a compromise  has  to  be  made  between 
response  speed  and  quantum  efficiency.  We  shall  discuss  this  further  in  Sec.  6.3 
The  performance  of  a photodiode  is  often  charactenzcd  by  the  responsivity 
,-t  This  is  related  to  the  quantum  efficiency  by 


Po~  hv 


(6-6) 


Thu  parameter  is  quite  useful,  since  it  specifies  the  pholocurrent  generated  per 
unit  optical  power  Typical  pm  photodiode  responsivilies  us  a function  of  wave- 
length are  shown  in  Fig.  6-4.  Representative  values  are  0.65  A/W  for  silicon  at 
900  nm  and  0.45  A/W  for  germanium  at  1.3  M*n.  For  InGaAs,  typical  values  are 
0.9  A W at  1.3/rm  and  1.0  A/W  at  1.55  Mm. 


Mi  Example  6.3.  Photons  of  energy  1.53  x I0"1*  J are  incident  on  a photodiode  which 
has  a responsivity  of  0.65  A.  W.  If  the  optical  power  level  is  IOmW.  then  from  F.q  (6- 
6)  the  photocurrem  generated  is 

lp  rr  ■#/>„  = (0.65  A/WMIO/iW)  = 6.5 mA 

In  most  photodiodes  the  quantum  efficiency  is  independent  of  the  power 
level  falling  on  the  detector  at  u given  photon  energy  Thus,  the  responsivity  is  u 
linear  function  of  the  optical  power.  That  is,  the  pholocurrent  Ir  is  directly 
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FIGt'RE  6-4 

Companion  of  the  rnpontivny  and  quantum  efficiency  ai  a function  of  wavelength  for  pin  photo 
diode*  consuuctcd  of  different  material! 


proportional  to  the  optical  power  P0  incident  upon  the  photodetector,  so  that  the 
responsivity  Jt  is  constant  at  a given  wavelength  (a  given  value  of  Av).  Note, 
however,  that  the  quantum  efficiency  is  not  a constant  at  all  wavelengths,  since 
it  varies  according  to  the  photon  energy  Consequently,  the  responsivity  is  a 
function  of  the  wavelength  and  of  the  photodiode  material  (since  different  mate- 
rials have  different  band-gap  energies).  For  a given  material,  us  the  wavelength  of 
the  incident  photon  becomes  longer,  the  photon  energy  becomes  less  than  that 
required  to  excite  an  electron  from  the  valence  band  to  the  conduction  band.  The 
responsivity  thus  falls  off  rapidlv  beyond  the  cutoff  wavelength,  as  can  he  seen  in 
Fig  6-4. 


Example  6-4.  As  shown  in  Fig  6-4.  for  the  wavelength  range  1 300  nm  < X < 
1600  nm.  the  quantum  efficiency  for  InGaAs  is  around  90  percent  Thus,  in  ihu 
wavelength  range  the  responsivity  is 


W <0  90X1  6x  10-'*  Q4 

hv  ke  (6  625  * 10MJ  »X3  * I0*m/s) 


7.25  x 10** 


For  example,  at  1 300  nm  we  have 

4 = |7.25  x l0’(A/W)/m)(l.30  x 10  * m)  = 0.92  A/W 
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At  wavelengths  higher  than  1600  ntn,  the  photon  energy  u not  sufficient  to  excite  an 
electron  from  the  valence  band  to  the  conduction  band  For  example,  In«  uGa,)4:As 
has  an  energy  gap  E,  = 0.73  eV.  so  that  from  Eq  (6-2)  the  cutoff  wavelength  is 


1.24  1.24 

E,  = 0.73 


1.7  /tm 


At  wavelengths  less  than  1 100  nm.  the  photons  are  absorbed  very  dose  to  the 
photodetector  surface,  where  the  recombination  rate  of  the  generated  electron 
hole  pairs  is  very  short.  The  responxivity  thus  decreases  rapidly  for  smaller  wave- 
lengths. since  many  of  the  generated  carriers  do  not  contribute  to  the  photocurTent. 


6.1.2  Avalanche  Photodiodes 

Avalanche  photodiodes  (APDs)  internally  multiply  the  primary  signal  photocur- 
rent before  it  enters  the  input  circuitry  of  the  following  amplifier.  This  increases 
receiver  sensitivity,  since  the  photocurrent  is  multiplied  before  encountering  the 
thermal  noise  associated  with  the  receiver  circuit.  In  order  for  carrier  multiplica- 
tion to  take  place,  the  photogencratcd  carriers  must  traverse  a region  where  a very 
high  electric  field  is  present  In  this  high-field  region,  a photogencratcd  electron  or 
hok  can  gain  enough  energy  so  that  it  ionizes  bound  electrons  in  the  valence  band 
upon  colliding  with  them.  This  carrier  multiplication  mechanism  is  known  as 
impact  ionization.  The  newly  created  carriers  arc  also  accelerated  by  the  high 
elcctnc  field,  thus  gaming  enough  energy  to  cause  further  impact  ionization 
Thu  phenomenon  is  the  avalanche  effect.  Below  the  diode  breakdown  voltage  a 
finite  total  number  of  earners  arc  created,  whereas  above  breakdown  the  number 
can  be  infinite. 

A commonly  used  structure  for  achieving  carrier  multiplication  with  very 
little  excess  notse  is  the  reach-through  construction7-'1*16  shown  in  Fig.  6-5.  The 
reach-through  avalanche  photodiode  (RAPD)  is  composed  of  a higli-rcsisttvity  p- 
type  material  deposited  as  an  epitaxial  layer  on  a p+  (heavily  doped  ^-type) 
mbstrate.  A /Mypc  diffusion  or  ion  implant  is  then  made  in  the  high-resistivity 
material,  followed  by  the  construction  of  an  n*  (heavily  doped  n-type)  layer  For 
vilicon.  the  dopants  used  to  form  these  layers  are  normally  boron  and  phos- 
phorus. respectively  This  configuration  is  referred  to  as  p*npn*  reach-through 
structure  The  ir  layer  is  basically  an  intrinsic  mutcrial  that  inadvertently  has  some 
p doping  because  of  imperfect  purification.  Section  6.S  describes  more  complex 
structures  used  for  InGaAs  APDs. 

The  term  "reach-through”  arises  from  the  photodiode  operation.  When  a 
low  reverse-bias  voltage  is  applied,  most  of  the  potential  drop  is  across  the  /vT 
junction.  The  depletion  layer  widens  with  increasing  bias  until  a certain  voltage  is 
reached  at  which  the  peak  electric  field  at  the  pn+  junction  is  about  5-10  percent 
below  that  needed  to  cause  avalanche  breakdown.  At  this  point,  the  depletion 
layer  just  “reaches  through"  to  the  nearly  intrinsic  n region. 

In  normal  usage,  the  RAPD  is  operated  in  the  fully  depleted  mode.  Light 
enters  the  device  through  the  p + region  and  is  absorbed  in  (he  .<r  material,  which 
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Reach-through  avalanche  photodiode  ttructure  and  the  elect nc  fields  in  the  depletion  and  multiple 
thin  region* 


acts  as  the  collection  region  for  the  photogenerated  carriers.  Upon  being 
absorbed,  the  photon  gives  up  its  energy,  thereby  creating  electron  hole  pain, 
which  arc  then  separated  by  the  clcctnc  field  in  the  n region.  The  photogenerated 
electrons  drift  through  the  jt  region  in  the  pn + junction,  where  a high  electric  field 
exists.  It  is  in  this  high-field  region  that  carrier  multiplication  takes  place. 

The  average  number  of  electron -hole  pairs  created  by  a cumer  per  unit 
distance  traveled  is  called  the  ionization  rale.  Most  materials  exhibit  different 
electron  ionization  rates  a and  hole  ionization  rates  fi.  Experimentally  obtained 
values  of  a and  /)  for  five  different  semiconductor  matenals  are  shown  in  Fig.  6-6 
The  ratio  k = / 1/a  of  the  two  ionization  rates  is  a measure  of  the  pholodetector 
performance.  As  we  shall  see  in  Sec.  6.4.  avalanche  photodiodes  constructed  of 
materials  in  which  one  type  of  carrier  largely  dominates  impact  ionization  exhibit 
low  noise  and  large  gain-bandwidth  products.  Of  all  the  matenals  shown  in  Fig. 
6-6,  only  silicon  has  a significant  difference  between  electron  and  hole  ionization 
rates.,ft"M 

The  multiplication  M for  all  carriers  generated  in  the  photodiode  is  defined 
by 

M — y-  (6-7) 

'r 

where  I\i  is  the  average  value  of  the  total  multiplied  output  current  and  /,  is  the 
pnmary  unmultiplied  photocurrent  defined  in  Eq  (6-4).  In  practice,  the  avalanche 
mechanism  is  a statistical  process,  since  not  every  carrier  pair  generated  in  the 
diode  experiences  the  same  multiplication.  Thus,  the  measured  value  of  M is 
expressed  as  an  average  quantity. 

Hi  t sample  6-5.  A given  silicon  avalanche  photodiode  has  u quantum  efficiency  of  6} 
percent  al  a wavelength  of  900  nm.  Suppose  0.5  pW  of  optical  power  produces  ■ 
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F1CURE  (Mi 

Carnet  ionization  rain  obtained  experimentally  Tor  silicon.  germanium,  gallium  arsenide,  gallium 
arsenide  antimonulc.  and  indium  gallium  arsenide  (Reproduced  with  permission  from  Melchior.2) 


multiplied  photocurrent  of  10 uA.  Let  us  find  the  multiplication  M Prom  Eq.  (6-6), 
the  primary  photocurrent  is 


l ' 


= jr/>a=5?/*o  = ^/’o 

(0.65X1.6  x 10  18  CX9x  10-’ m)  , 

(6.625  x I0^MJ  s)(3  x 10*  m/s) 


0.235  mA 


From  Eq.  (6-7).  the  multiplication  is 

= 43 

lf  0.235  /iA 

Thus,  the  primary  photocurrent  is  multiplied  by  a factor  of  43 
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Typical  room- temperature  current 
garni  of  a itlicon  rrach-througtr 
avalanche  photodiode  for  differ 
cm  wavelength*  a*  a function 
of  btaa  voltage  I Reproduced 
with  permmion  from  Melduot. 
Hartman.  Schtnke,  and  Seidel.1' 
C 1978.  ATAT ) 


Typical  currenl  gains  for  different  wavelengths15  as  a function  of  bias  volt- 
age for  a silicon  reach-through  avalanche  photodiode  are  shown  in  Fig.  6-7.  The 
dependence  of  the  gain  on  the  excitation  wavelength  is  attributable  to  mixed 
initiation  of  the  avalanche  process  by  electrons  and  holes  when  most  of  the 
light  is  absorbed  in  the  n+p  region  close  to  the  detector  surface.  This  is  especially 
noticeable  at  short  wavelengths,  where  a larger  portion  of  the  optical  power  it 
absorbed  close  to  the  surface  than  at  longer  wavelengths.  In  silicon,  since  the 
ionization  coefficient  for  holes  is  smaller  than  that  for  electrons,  the  total  current 
gain  is  reduced  at  the  short  wavelengths. 

Analogous  to  the  pin  photodiode,  the  performance  of  an  A PD  is  character- 
ized by  its  responsivity  Jt\ra-  which  is  given  by 

•*apd  = ~Ki  = *oM  (6-8) 

hv 

where  Jf0  is  the  unity  gain  responsivity. 


6.2  PHOTODETECTOR  NOISE 

In  fiber  optic  communication  systems,  the  photodiode  is  generally  required  to 
detect  very  weak  optical  signals.  Detection  of  the  weakest  possible  optical  signals 
requires  that  the  pholodelcctor  and  its  following  amplification  circuitry  be 
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(iptmu«d  so  ihul  a given  stgnal-to-noisc  ratio  is  maintained.  The  power  signul-to- 
noise  ratio  S/N  at  the  output  of  an  optical  receiver  is  defined  by 

S signal  power  from  photocurrcnt  ^ 

A'  photodctcctor  noise  power  + amplifier  noise  power 

The  noise  sources  in  the  receiver  arise  from  the  photodetector  noises  resulting 
from  the  statistical  nature  of  the  phoion-to-clcctron  conversion  process  and  the 
thermal  noises  associated  with  the  amplifier  circuitry. 

To  achieve  u high  signal-to-noixe  ratio,  the  following  conditions  should  be 

met 

I.  The  photodctcctor  must  have  a high  quantum  efficiency  to  generate  a large 
signal  power 

1 The  photodctcctor  and  amplifier  noises  should  be  kepi  as  low  as  possible. 

From  most  applications,  it  is  the  noise  currents  which  determine  the  minimum 
optical  power  level  that  can  be  detected,  since  the  photodiode  quantum  efficiency 
rt  normally  close  to  its  maximum  possible  value. 

The  sensitivity  of  a photodctcctor  in  an  opticul  fiber  communication  system 
n desert bablc  in  terms  of  the  minimum  detectable  optical  power  This  is  the  optical 
power  necessary  to  produce  a photocurrcnt  of  the  same  magnitude  as  the  root 
mean  square  (rms)  of  the  total  noise  current,  or  equivalently,  a signal-to-noisc 
ratio  of  I A thorough  understanding  of  the  source,  characteristics,  and  interre- 
lationships of  the  various  noises  in  a photodetcctor  is  therefore  necessary  to  muke 
a reliable  design  and  to  evaluate  optical  receivers. 


6.11  Noise  Sources 

To  see  the  interrelationship  of  the  different  types  of  noises  affecting  the  signul-to- 
noise  ratio,  let  us  examine  the  simple  receiver  model  and  its  equivalent  circuit 
shown  in  Fig  6*8  The  photodiode  has  a small  series  resistance  /?,.  a total  capa- 
citance Cj  consisting  of  junction  and  packaging  capacitances,  and  a bias  (or  load) 
resistor  Rt  The  amplifier  following  the  photodiode  has  an  input  capucitancc  C„ 
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(id  Simple  model  of  a photodelector  receiver,  and  (6)  iti  equivalent  circuit 
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and  a resistance  R.,  For  practical  purposes,  /?.  is  much  smaller  than  the  load 
resistance  Ri  and  can  be  neglected. 

If  a modulated  signal  of  optical  power  /*(/)  falls  on  the  detector,  the  primary 
photocurrent  iPb(r)  generated  is 

(6.10) 

The  primary  current  consists  of  a dc  value  /,,  which  is  the  average  photocurrent 
due  to  the  signal  power,  and  a signal  component  For  pin  photodiodes  the 
mean-square  signal  current  (f?)  is 

(ft  -<#*))  <6-1  le) 

where  a is  the  variance  For  avalanche  pholodctectors, 

“<#')>  *’  (6*116) 

where  M is  the  average  of  the  statistically  varying  avalanche  gam  as  defined  in  Eq. 
(6*7).  For  a sinusoidally  varying  input  signal  of  modulation  index  m,  the  signal 
component  (/•)  is  of  the  form  (sec  Prob.  6-5) 

(£(f»=^  = y/,J  <6*12) 

where  m is  defined  in  Eq.  (4-54). 

The  principal  noises  associated  with  photodetcctors  that  have  no  internal 
gam  are  quantum  noise,  dark -current  noise  generated  in  the  bulk  material  of  the 
photodiode,  and  surface  leakage  current  noise.  The  quantum  or  shot  noise  arises 
from  the  statistical  nature  of  the  production  and  collection  of  photoelcctrons 
when  an  optical  signal  is  incident  on  a photodetcctor.  It  has  been  demonstrated1' 
that  these  statistics  follow  a Poisson  process.  Since  the  fluctuations  in  the  number 
of  photocarriers  created  from  the  photoelectric  effect  arc  a fundamental  property 
of  the  photodetection  process,  they  set  the  lower  limit  on  the  receiver  sensitivity 
when  all  other  conditions  arc  optimized.  The  quantum  noise  current  has  a mean- 
square  value  in  a bandwidth  B which  is  proportional  to  the  average  value  of  the 
photocurrcnt  //. 

($}  = er£  = 2q/rBM2F(M)  (6-13) 

where  F{M)  is  a noise  figure  associated  with  the  random  nature  of  the  avalanche 
process.  From  experimental  results,  it  has  been  found  that  to  a reasonable 
approximation  F[\f)  — M\  where  x (with  0 < x < 1.0)  depends  on  the  material. 
This  is  discussed  in  more  detail  in  Sec.  6.4.  For  pin  photodiodes,  M and  F( M)  arc 
unity. 

The  photodiode  dark  current  is  the  current  that  continues  to  flow  through 
the  bias  circuit  of  the  device  when  no  light  is  incident  on  the  photodiode.  This  is  a 
combination  -of  bulk  and  surface  currents.  The  hulk  dark  current  int  arises  from 
electrons  and/or  holes  which  are  thermally  generated  in  the  pn  junction  of  the 
photodiode.  In  an  APD.  these  liberated  carriers  also  get  accelerated  by  the  high 
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elecinc  field  present  at  the  pn  junction,  and  are  therefore  multiplied  by  the  ava- 
lanche gain  mechanism.  The  mean-square  value  of  this  current  is  given  by 

Odm)  = = 2c/lpM1F(M)B  (6-14) 

where  //>  is  the  primary  (unmullipiicd)  detector  bulk  dark  current. 

The  surface  dark  current  is  also  referred  to  as  a surface  leakage  current  or 
simply  the  leakage  current  It  is  dependent  on  surface  defects,  cleanliness,  bias 
voltage,  and  surface  area  An  effective  way  of  reducing  surface  dark  current  is 
through  the  use  of  a guard  ring  structure  which  shunts  surface  leakage  currents 
•way  from  the  load  resistor.  The  mean-square  value  of  the  surface  dark  current  is 
given  by 

= (6-15) 

where  It  is  the  surface  leakage  current.  Note  that  since  avalanche  multiplication  is 
a bulk  effect,  the  surface  dark  current  is  not  affected  by  the  avalanche  gam. 

A comparison®  of  typical  dark  currents  for  Si,  Ge,  GaAs.  and  lntGai_,As 
photodiodes  is  given  in  Fig.  6-9  as  a function  of  applied  voltage  normalized  to  the 
breakdown  voltage  T«.  Note  that  for  In,Gai_,As  photodiodes  the  dark  current 
increases  with  the  composition  x.  Under  a reverse  bias,  both  dark  currents  also 
increases  with  the  area  The  surface  dark  current  increases  in  proportion  to  the 
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square  root  of  the  active  area,  and  the  bulk  dark  current  is  directly  proportional 
to  the  area. 

Since  the  dark  currents  and  the  signal  current  arc  uncorrelated,  the  total 
mean-square  photodetcctor  noise  current  (ijj,)  can  be  written  as 

<4>  = °i  = <$>  + ul,)  + <>bx)  = 4 +< °iB  + <4* 

= lq{lf  + + 2 q!LB  (6-16) 

To  simplify  the  analysis  of  the  receiver  circuitry,  we  shall  assume  here  that 
the  amplifier  input  impedance  is  much  greater  than  the  load  resistance,  so  that  iti 
thermal  noise  is  much  smaller  than  that  of  Rl-  The  photodetcctor  load  resistor 
contributes  u mean-square  thermal  (Johnson)  noise  current 

(4)  = <4  = ^ B (6-17) 

where  kg  is  Boltzmann's  constant  and  T is  the  absolute  temperature  This  nouc 
cun  be  reduced  by  using  a load  resistor  which  is  large  but  still  consistent  with  the 
receiver  bandwidth  requirements.  Further  details  on  this  are  given  in  Chap  7 
along  with  a detailed  discussion  of  the  amplifier  noise  current  /.mp. 


E sample  6-6.  An  InGaAs  pin  photodiode  has  the  following  parameters  at  a wave 
length  of  1300  nm:  /»  = 4 nA.  q = 0.90.  Rt  = 10000,  and  ihe  surface  leakage 
curreni  is  negligible  The  incident  optical  power  is  300  nW  (-35  dBm),  and  Ihe 
receiver  bandwidth  is  20  MHz  Let  us  find  the  various  noise  terms  of  Ihe  receiver 
First,  we  need  to  find  the  primary  photocummt.  From  Eq.  (6-6), 


_ «l*>Hl.6x  >0-wCX1.3«  IQ^m)  , 
(6.625  x 10-^J  »X3  x I0*m/s! 


0.282  p A 


From  Eq  (6-13).  the  mean-square  quantum  noise  current  for  a pin  photodiode  h 
</£)  =2v/,«  = 2(1.6  x 10"  ” 0(0.282  x lO"*  AK20  x 10*  Hz) 

= 1.80  x I0-"  A3 


or 

W$)w»  l.34nA 


From  Eq  (6-14).  the  mean-square  dark  current  is 

(4#)  = 2qIDB  = 2(\.6x  I0  '*CH4  x 10  ^X20  x 10*  H/) 
= 2.56  x I0'29  A1 


or 
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The  mean-square  thermal  noise  current  for  the  receiver  is  found  from  Eq  (6-17)  as 
</f,  = B = ^^'0;yX29)K);o  x 10, 

•Vr  I *“ 

= 323  * I0"1'  A: 
or 

= 18  nA 

Thus,  for  this  receiver  the  rms  thermal  noise  current  is  about  14  times  greater  than 
the  rms  shot  noise  current  and  about  100  times  greater  than  the  rms  dark  current. 


6.12  Signal-to-Noisc  Ratio 


Substituting  Eqs.  (6-1 1).  (6-16).  and  (6-17)  into  Eq.  (6-9)  for  the  signal-to-noisc 
ratio  at  the  input  of  the  amplifier,  we  have 


S ( 2 

N ~ 2q{l^h)M:iF{M)B  + 2qILB  + 4kBTB/RL 


(6-18) 


In  general,  when  pm  photodiodes  are  used,  the  dominating  noise  currents 
are  those  of  the  detector  load  resistor  (the  thermal  current  i»  and  the  active 
elements  of  the  amplifier  circuitry  (iamp).  For  avalunchc  photodiodes,  the  thermal 
noise  is  of  lesser  importance  and  the  photodetector  noises  usually  dominate.** 
From  Eq.  (6-18).  it  can  be  seen  that  the  signal  power  is  multiplied  by  M:  and 
ihe  quantum  noise  plus  bulk  dark  current  is  multiplied  by  M'F(M ) The  surface- 
leakage  current  is  not  altered  by  the  avulunchc  gain  mechanism  Since  the  noise 
figure  F(M)  increases  with  M,  there  always  exists  an  optimum  value  of  M that 
maximizes  the  signal-to-notsc  ratio.  The  optimum  gain  at  the  maximum  signal-to- 
noisc  ratio  can  be  found  by  differentiating  Eq.  (6-18)  with  respect  to  M.  setting 
the  result  equal  to  zero,  and  solving  for  M . Doing  so  for  u sinusoidally  modulated 
signal,  with  m = I and  F(Af)  approximated  by  \f  \ yields 


i<l4l  . 2qlL+AkBTIRL 
' ^ vtf/,  -I-  b) 


(6-19) 


6J  DETECTOR  RESPONSE  TIME 
6J.I  Depletion  Layer  Photocurrent 

To  understand  the  frequency  response  of  photodiodes,  let  us  first  consider  the 
schematic  representation  of  a reverse- biased  pm  photodiode  shown  in  Fig  6-10. 
Light  enters  the  device  through  the  p layer  and  produces  electron-hole  pairs  as  it 
is  absorbed  in  the  semiconductor  material.  Those  electron-hole  pairs  that  are 
generated  in  the  depletion  region  or  within  a diffusion  length  of  it  will  be 
ieparated  by  the  rcverse-bias-voltage-induced  electric  field,  thereby  leading  to  a 
current  flow  in  the  external  circuit  as  the  carriers  drift  across  (he  depletion  layer. 
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FIGURE  6-10 

Schema  be  tepretenuuon  of  I 
reverie- bused  pm  photodiode 


Under  steady-state  conditions,  the  total  current  density  JXa , flowing  through 
the  reverse-biased  depiction  layer  is,T 

Jum  — Jti  + Jan  (6-20) 

Here,  J&  is  the  drift  current  density  resulting  from  carriers  generated  inside  the 
depletion  region,  and  is  the  diffusion  current  density  arising  from  the  camcn 
that  arc  produced  outside  of  the  depiction  layer  in  the  bulk  of  the  semiconductor 
(i.e.,  in  the  n and  p regions)  and  diffuse  into  the  reverse-biased  junction.  The  drift 
current  density  can  be  found  from  Eq.  (6-4): 

•/dr  = -^  = V<J>o(  I - (6-21) 

where  A is  the  photodiode  area  and  4>o  is  the  incident  photon  flux  per  unit  area 
given  by 

<t>0=Po(\ZR/)  (6-22) 


The  surface  p layer  of  a pin  photodiode  is  normally  very  thin.  The  difTunon 
current  is  thus  principally  determined  by  hole  diffusion  from  the  bulk  n region 
The  hole  diffusion  in  this  material  can  be  determined  by  the  one-dimensional 
diffusion  equation12 

D,~T~  P*~P*  + G(x)  = 0 (6-23) 

where  Dr  is  the  hole  diffusion  coefficient.  p„  is  the  hole  concentration  in  the  n-type 
material,  r,  is  the  excess  hole  lifetime.  p*o  is  the  equilibrium  hole  density,  and  G(t) 
is  the  electron  hole  generation  rate  given  by 


G(*)  = <t>na,  (6-24) 

From  Hq.  (6-23),  the  diffusion  current  density  is  found  to  be  (see  Prob.  6-10) 

. . _ m Dp 


(6-25) 
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Substituting  Eqs.  (6-21)  and  (6-25)  into  Eq.  (6-20),  wc  have  that  the  total  current 
density  through  the  reverse-biased  depletion  layer  is 

J"*  |+a,0  + qPM  'tr  (6'26) 

Tbe  term  involving  />,*  is  normally  small,  so  that  the  total  photogenerated  current 
n proportional  to  the  photon  dux  <t>n 

6.3.2  Response  Time 

The  response  time  of  a photodiode  together  with  its  output  circuit  (see  Fig.  6-8) 
depends  mainly  on  the  following  three  factors: 

1.  The  transit  time  of  the  photocarricrs  in  the  depletion  region. 

2.  The  diffusion  time  of  the  photocarriers  generated  outside  the  depletion 
region 

3.  The  RC  time  constant  of  the  photodiode  and  its  associated  circuit. 

The  photodiode  parameters  responsible  for  these  three  factors  arc  the 
absorption  coefficient  a„  the  depiction  region  width  w,  the  photodiode  junction 
and  package  capacitances,  the  amplifier  capacitance,  the  detector  load  resistance, 
the  amplifier  input  resistance,  and  the  photodiode  scries  resistance.  The  photo- 
diode series  resistance  is  generally  only  n few  ohms  and  can  be  neglected  in 
comparison  with  the  large  load  resistance  and  the  amplifier  input  resistance 

Let  us  first  look  at  the  transit  time  of  the  photocarriers  in  the  depletion 
region.  The  response  speed  of  a photodiode  is  fundamentally  limited  by  the  time  it 
takes  photogenerated  carriers  to  travel  across  the  depletion  region  This  transit 
time  tj  depends  on  the  carrier  drift  velocity  vj  and  the  depletion  layer  width  w, 
and  is  given  by 

= ^ (6-27) 

In  general,  the  electric  field  in  the  depletion  region  is  large  enough  so  that  the 
earners  have  reached  their  scattering-limited  velocity.  For  silicon,  the  maximum 
velocities  for  electrons  and  holes  arc  8.4  x 10*  and  4 4x10*  cm/s.  respectively, 
a hen  the  field  strength  is  on  the  order  of  2 x 10*  V/cm.  A typical  high-speed 
silicon  photodiode  with  a IO-/im  depiction  layer  width  thus  has  a response  time 
limit  of  about  0.1  ns. 

The  diffusion  processes  are  slow  compared  with  the  drift  of  earners  in  the 
high-field  region.  Therefore,  to  have  a high-speed  photodiode,  the  photocarricrs 
thould  be  generated  in  the  depletion  region  or  so  close  to  it  that  the  diffusion 
tiroes  arc  less  than  or  equal  to  the  carrier  drift  times.  The  effect  of  long  diffusion 
tiroes  can  be  seen  by  considering  the  photodiode  response  time.  This  response 
time  is  described  by  the  rise  time  and  fall  time  of  the  detector  output  when  the 
detector  is  illuminated  by  a step  input  of  optical  radiation.  The  rise  time  r,  is 
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typically  measured  from  the  10-  to  the  90-pcrcent  points  of  the  leading  edge  of  the 
output  pulse,  as  is  shown  in  Fig.  6-11.  For  fully  depleted  photodiodes  the  rise  time 
x,  and  fall  time  ty  arc  generally  the  same.  However,  they  can  be  different  at  low 
bias  levels  where  the  photodiode  is  not  fully  depleted,  since  the  photon  collection 
tune  then  starts  to  become  a significant  contributor  to  the  rise  time.  In  this  case, 
charge  carries  produced  in  the  depletion  region  arc  separated  and  collected 
quickly.  On  the  other  hand,  electron  bole  pairs  generated  in  the  n and  p regions 
must  slowly  diffuse  to  the  depletion  region  before  they  can  be  separated  and 
collected.  A typical  response  time  of  a partially  depleted  photodiode  is  shown 
in  Fig  6-12.  The  fast  carriers  allow  the  device  output  to  rise  to  50  percent  of  its 
maximum  value  in  approximately  I ns,  but  the  slow  carriers  cause  a relatively 
long  delay  before  the  output  reaches  its  maximum  value. 

To  achieve  a high  quantum  efficiency,  the  depletion  layer  width  must  be 
much  larger  than  I /a,  (the  inverse  of  the  absorption  coefficient),  so  that  most  of 
the  light  will  be  absorbed  The  response  to  a rectangular  input  pulse  of  a low- 
capacitance  photodiode  having  w » 1/a,  is  shown  in  Fig.  6-136.  The  rise  and  fill 
times  of  the  photodiode  follow  the  input  pulse  quite  well.  If  the  photodiode 
capacitance  is  larger,  the  response  time  becomes  limited  by  the  RC  time  constani 
of  the  load  resistor  Rt  and  the  photodiode  capacitance.  The  photodetector 
response  then  begins  to  appear  as  that  shown  in  Fig  6- 13c. 

If  the  depiction  layer  is  too  narrow,  any  earners  created  in  the  undcplcied 
material  would  have  to  dilTusc  back  into  the  depletion  region  before  they  could  be 
collected.  Devices  with  very  thin  depletion  regions  thus  tend  to  show  distinct  slow- 
and  fast-response  components,  as  shown  in  Fig.  6-1  id.  The  fast  component  in  the 
rise  time  is  due  to  earners  generated  in  the  depletion  region,  whereas  the  slow 
component  anses  from  the  diffusion  of  earners  that  arc  created  with  a distance  L, 
from  the  edge  of  the  depiction  region.  At  the  end  of  the  optical  pulse,  the  carries  in 
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percent  fall  lime 
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FlCl'RE  4-12 

Typical  response  time  of  a 
photodiode  that  is  not  fully 
depleted 


the  depletion  region  are  collected  quickly,  which  results  in  the  fnst-dctcctor- 
response  component  in  the  fall  time.  The  diffusion  of  carriers  which  arc  within 
a distance  Ln  of  the  depletion  region  edge  appears  ns  the  slowly  decaying  tail  at 
the  end  of  the  pulse.  Also,  if  w is  too  thin,  the  junction  capacitance  will  become 
excessive.  The  junction  capacitance  C,  is 


Cj 


(6-28) 


where  t,  **  the  permittivity  of  the  semiconductor  material  = t0K, 
K,  the  semiconductor  dielectric  constunt 
«o  « 8.8542  x 10“ i:  F.m  is  the  free-spacc  permittivity 
A - the  diffusion  layer  area 


This  excessiveness  will  then  give  rise  to  a large  RC  lime  constant  which  limits  the 
detector  response  tune  A reasonable  compromise  between  high-frequency 
response  and  high  quantum  efficiency  is  found  for  absorption  region  thicknesses 
between  I /a,  and  2/a,. 
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If  Rt  is  the  combination  of  the  load  and  amplifier  input  resistances  and  Cj 
is  the  sum  of  the  photodiode  and  amplifier  capacitances,  os  shown  in  Fig.  6-8,  the 
detector  behaves  approximately  like  a simple  RC  low-pass  filter  with  a passband 
given  by 


IrtRrCr 


(6-*) 


Example  6-7.  If  the  photodiode  capacitance  is  3 pF.  the  amplifier  capacitance  it  4 
pF,  the  load  resistor  is  I kQ.  and  the  amplifier  input  resistance  is  l MU,  then  C>  =7 
pF  and  Rt  — I kit,  so  that  the  circuit  bandwidth  is 

B=  ‘ ■-  =23  MHz  (6-301 

IttRtCt 

If  we  reduce  the  photodetector  load  resistance  to  $0  It,  then  the  circuit  bandwidth 
becomes  ff  = 455  MHz 


6.4  av  alanche  multiplication 
NOLSE 


As  we  noted  earlier,  the  avalanche  process  is  statistical  in  nature,  since  not  every 
photogenerated  carrier  pair  undergoes  the  same  multiplication  3**41  The  probabil- 
ity distribution  of  possible  gains  that  any  particular  electron  hole  pair  might 
experience  is  sufficiently  wide  so  that  the  mean-square  gain  is  greater  than  the 
average  gain  squared  Thai  is.  if  m denotes  the  statistically  varying  gain,  then 

(m1)  > (m)2  = A/1  (6*31) 


where  the  symbols  ( ) denote  an  ensemble  average  and  (m)  = M is  the  average 
carrier  gain  defined  in  Eq.  (6-7).  Since  the  noise  created  by  the  avalanche  proeeu 
depends  on  the  mean-square  gain  {nr),  the  noise  in  an  avalanche  photodiode  can 
be  relatively  high.  From  experimental  observations  it  has  been  found  that,  in 
general,  (nr)  can  be  approximated  by 

(m2)  ~ M2+x  (6-32) 

where  the  exponent  x varies  between  0 and  10  depending  on  the  photodiode 
material  and  structure. 

The  ratio  of  the  uctuul  noise  generated  in  an  avalanche  photodiode  to  the 
noise  that  would  exist  if  all  carrier  pairs  were  multiplied  by  exactly  A 1 is  called  the 
excess  noise  factor  F and  is  defined  by 


{nr)  (m2) 
(m):  A O 


(6-331 


This  excess  noise  factor  is  a measure  of  the  increase  in  detector  noise  resulting 
from  the  randomness  of  the  multiplication  process.  It  depends  on  the  ratio  of  the 
electron  and  hole  ionization  rales  and  on  the  carrier  multiplication. 


M AVALANOIf  MULTIPUCATtON  NO Ml 


The  derivation  of  an  expression  for  F is  complex,  since  the  electric  field  in 
the  avalanche  region  (of  width  Wm,  as  shown  in  Fig.  6-5)  is  not  uniform,  and  both 
boles  and  electrons  produce  impact  ionization  McIntyre40  has  shown  that,  for 
injected  electrons  and  holes,  the  excess  noise  factors  are 


F.= 


r^w-+2['- 


Ml  -*.)] 

l-*2  J 


(!-*.)* 
M.(  1 -*i> 


(6-34) 


F,  = 


*)(l  -k2) 


Mh-2 


fMi  -*i) 
W(l  -M 


(1  -*!)’*: 
*?0  - At,),!/* 


(6-35) 


where  the  subscripts  e and  h refer  to  electrons  and  holes,  respectively.  The 
weighted  ionization  rate  ratios  A|  and  kj  take  into  account  the  nonuniformity 
of  the  gain  and  the  carrier  ionization  rates  in  the  avalanche  region.  They  arc  given 
by 


k _ frx)M{x)dx 
' <*x)M(x)dx 

k Cy  tH  x)MH  x)dx 
: a{x)MHx)dx 


(6-36) 

(6-37) 


where  a{x)  and  fi(x)  arc  the  electron  and  hole  ionization  rutes,  respectively 

Normally,  to  a first  approximation  k|  and  k2  do  not  change  much  with 
variations  in  gain  and  can  be  considered  as  constant  and  equal.  Thus.  Eq. 
(6-34)  and  (6-35)  can  be  simplified  as7 

F,  = M,^l-(l-*dT)(l-jj£ 

~ktnM0+  ^2--j^(l  “Mr)  (6-38) 


for  electron  injection,  and 


= AtffW*-(2-^-)(^-I) 


(6-39) 


for  hole  injection,  where  the  effective  ionization  rate  ratios  are 

*1-*? 
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FIGURE  6-14 

Variation  t»f  the  electron  ucou  noise  factor  F,  a»  a function  of  the  electron  gum  for  various  values  of 
the  effective  lom/jition  rale  ratio  k*  (Reproduced  with  permission  from  Webb,  McIntyre,  and 
Ctmradi,1) 


Figure  6-14  shows  Ft  as  a function  of  the  average  electron  gain  M,  for 
various  values  of  the  effective  ionization  rate  ratio  kti t If  the  ionization  rates 
are  equal,  the  excess  noise  is  at  its  maximum  so  that  Ft  is  at  its  upper  limit  of  M, 
As  the  ratio  P/a  decreases  from  unity,  the  electron  ionization  rate  starts  to  he  the 
dominant  contributor  to  impact  ionization,  and  the  excess  noise  factor  becomes 
smaller.  If  only  electrons  cause  ionization.  P = 0 and  Fr  reaches  its  lower  limit 
of  2. 

This  shows  that  to  keep  the  excess  noise  factor  at  a minimum,  it  is  desirable 
to  have  small  values  of  ktn . Referring  back  to  Fig.  6-6.  we  thus  see  the  supenonty 
of  silicon  over  other  materials  for  making  avalanche  photodiodes.  The  effective 
ionization  rate  ratio  k^n  vuncs  between  0.015  and  0.035  for  silicon,  between  0.3 
and  0.5  for  indium  gallium  arsenide,  and  between  0.6  and  1.0  for  germanium 
From  the  empirical  relationship  for  the  mean-square  gain  given  by  Eq 
(6-32),  the  excess  noise  factor  can  be  approximated  by 

F=  AT  (Ml) 

The  parameter  x takes  on  values  of  0.3  for  Si.  0.7  for  InGaAs.  and  1.0  for  Ge 
avalanche  photodiodes. 


6.5  STRUCTURES  FOR  InGaAs  APDs 

To  improve  the  performance  of  InGaAs  APDs.  various  complex  device  architec- 
tures have  been  devised.  One  widely  used  structure  is  the  scparate-absorption-and- 
multiplication  (SAM)  APD  configuration.414-'  As  Fig.  6-15  shows,  this  structure 
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list*  different  materials  in  the  absorption  and  multiplication  regions,  with  each 
region  being  optimized  for  a particular  function  Here,  light  entem  the  APD 
through  the  InP  substrate  Since  this  material  has  a larger  energy  band-gap.  it 
allows  long-wavelength  photons  to  pass  through  to  the  InGaAs  absorption  region 
where  electron-hole  pairs  arc  generated  Following  this  is  an  InP  layer  that  is  used 
for  the  multiplication  region  because  high  electric  fields  needed  for  the  gain 
mechanism  can  exist  in  InP  without  tunneling  breakdown.  This  device  structure 
fc is  its  name  SAM  us  a result  of  the  separation  of  the  absorption  und  multi- 
plication regions 

Variations  on  the  SAM  structure  include  adding  other  layers  to  the  device 
These  include 

• Using  a grading  layer  between  the  absorption  and  multiplication  regions  to 
Increase  the  response  time  and  bandwidth  of  the  device 

• Adding  a charge  layer  that  provides  better  control  of  the  clcctnc  field  profile. 

• Incorporating  a resonant  cavity  that  decouples  the  optical  and  electrical  path 
lengths  to  achieve  high  quantum  efficiencies  and  wide  bandwidths  simul- 
tancously. 

Anothcr  popular  design  for  InGaAs  APf>s  is  the  suprrlatltiv  structure.**4** 
In  these  devices,  the  multiplication  region  is  around  250  nm  thick  and  consists  of. 
for  example.  13  layers  of  9-nm-thick  InAIGaAs  quantum  wells  separated  by  12- 
wn-thick  InAlAs  bamcr  layers.  This  structure  improves  the  speed  and  sensitivity 
of  InGaAs  APDs,  thereby  allowing  them  to  be  used  for  applications  such  as  10- 
Gb  s long-dislancc  systems  (c.g.,  SONET  OC- 1 92/SDH  STM-64  links) 
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6.6  TEMPERATURE  EFFECT  ON 
AVALANCHE  GAIN 


The  gain  mechanism  of  an  avalanche  photodiode  is  very  temperature-sensitive 
because  of  the  temperature  dependence  of  the  electron  and  hole  ionization 
rates.4*"46  This  temperature  dependence  is  particularly  critical  at  high  bias  volt- 
ages. where  small  changes  in  temperature  can  cause  large  variations  in  gain  An 
e sample  of  this  is  shown  in  Fig.  6-16  for  a silicon  avalanche  photodiode.  For 
example,  if  the  operating  temperature  decreases  and  the  applied  bias  voltage  u 
kept  constant,  the  ionization  rates  for  electrons  and  holes  will  increase  and  so  will 
the  avalanche  gain 

To  maintain  a constant  gain  us  the  temperature  changes,  the  electric  field  in 
the  multiplying  region  of  the  pn  junction  must  also  be  changed.  This  requires  that 
the  receiver  incorporate  a compensation  circuit  which  adjusts  the  applied  bias 
voltage  on  the  photodctector  when  the  temperature  changes. 

The  dependence  of  gain  on  temperature  has  been  studied  in  detail  by 
Conradt.46  In  that  work,  the  gam  curves  were  described  by  using  the  explicit 
temperature  dependence  of  the  ionization  rates  a and  fi  together  with  a detailed 
knowledge  of  the  device  structure  Although  excellent  agreement  was  found 
between  the  theoretically  computed  and  live  experimentally  measured  gains,  the 
calculations  arc  rather  involved.  However,  a simple  tcmpcrature-dcpcndcnl 
expression  can  be  obtained  from  the  empirical  relationship41 
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where  Vt  is  the  breakdown  voltage  at  which  M goes  to  infinity;  the  parameter  n 
vanes  between  2.5  and  7,  depending  on  the  material;  and  V = V,  - I^Ry.  with 
Vt  being  the  reverse-bias  voltage  applied  to  the  detector.  /«  is  the  multiplied 
photocurrent.  and  Ry  accounts  for  the  photodiode  series  resistance  and  the 
detector  load  resistance  Since  the  breakdown  voltage  is  known  to  vary  with 
temperatures  as4*  49 

VB(  T)  = ya( r0)|  1 + o(  T - To)]  (6-43) 

the  temperature  dependence  of  the  avalanche  gain  can  be  approximated  by  sub- 
stituting Eq.  (6-43)  into  Eq.  (6-42)  together  with  the  expression 

«<n  = n(7oXl+6(r-  r0)l  (6-44) 

The  constants  a and  b are  positive  for  reach-through  avalanche  photodiodes  and 
can  be  determined  from  experimental  curves  of  gain  versus  temperature. 


6.7  COMPARISONS  OF 
PHOTODF.TECTORS 

This  section  summarizes  some  generic  operating  characteristics  of  Si.  Ge.  and 
InUaAs  photodiodes.  Tables  6-1  and  6-2  list  the  performance  values  for  pin 
and  avalanche  photodiodes,  respectively  The  values  were  derived  from  various 


TABLE  6-1 

Generic  operating  parameters  of  Si,  Ge,  and  InGaAs  pin  photodiodes 


Puwartrr 

Symbol 

lalt 

Si 

Ge 

InGaAt 

Wavelength  range 

2 

tim 

400  1100 

800  1650 

1100-1700 

Rripotuivity 

m 

A/W 

0.4-0.6 

0.4-0. 5 

075-0.95 

Dark  current 

Id 

nA 

1-10 

50-500 

0.5- 2.0 

Rite  lime 

T. 

nt 

0 5-1 

O.t-OJ 

005-0.5 

Bandwidth 

B 

OH* 

0_J-0.7 

0.5-3 

1-2 

Rial  voltage 

Vt 

V 

s 

S-J0 

5 

TABLE  6-2 

Gcocric  operating  parameters  of  Si,  Ge,  and  InGaAs  avalanche  photodiodes 


Pnrnurlrr 

Symbol 

Si 

Ge 

InGaAa 

Wavelength  range 

k 

nm 

400  1100 

800  1650 

1 100  1700 

Avalanche  gain 

— 

20-400 

50-200 

10-40 

Dark  current 

nA 

0.1-1 

50-500 

10-50 
(a  V » ID 

Rut  time 

t. 

fM 

0.1-2 

05-08 

0.1  -0.5 

Gam  bandwidth 

U B 

GH* 

100-400 

2-10 

20-250 

Riai  voltage 

v» 

V 

150-400 

20-40 

20-30 
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vendor  data  sheets  and  from  performance  numbers  reported  in  the  literature 
They  arc  given  as  guidelines  for  comparison  purposes.  Detailed  values  on  specific 
devices  for  particular  applications  can  be  obtained  from  photodetector  and 
receiver  module  suppliers 

For  short -distance  applications.  Si  devices  operating  around  850  nm  provide 
relatively  inexpensive  solutions  for  most  links.  Longer  links  usuully  require  opera- 
tion in  the  1300-nm  and  1550-nm  windows;  here,  one  normally  uses  InGaAr- 
bused  devices. 


PROBLEMS 


6-1.  Consider  the  abvorpUon  coefficient  of  silicon  as  a function  of  wavelength,  as  shown 
in  Fig.  P6-I  Ignoring  reflections  at  the  photodiode  surface,  plot  the  quantum 
efficiency  for  depletion  layer  widths  of  1.  5.  10.  20.  and  50  pm  over  the  wavelength 
range  0 6-l.0pm 

6-2.  If  an  optical  power  level  P0  **  incident  on  a photodiode,  the  electron  hole  genera- 
tion rate  6’ix)  in  the  photodctcctor  is  given  by 

Gfx)  - <Jv».  e~",‘ 


Here.  is  the  incident  photon  flux  per  unit  area  given  bv 
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where  A is  the  detector  area.  From  this,  show  thut  (he  primary  photocuircnt 
generated  m the  depletion  region  of  width  w is  given  by  Eq.  (6-4) 

6-3.  Using  the  data  from  Fig.  1*6-1,  plot  the  responsivity  over  the  wavelength  range  0.6 
1.0 »im  for  a silicon  pm  photodiode  having  a 20-jim-lhick  depletion  layer  Assume 

Rf  = 0. 

6-4.  The  low-frequency  gam  ,\f„  of  an  avalanche  photodiode  depends  on  the  carrier 
ionization  rale  and  on  the  width  of  the  multiplication  region,  both  of  w hich  depend 
on  the  applied  reverse-bias  voltage  l'„  This  gain  can  be  described  by  the  empirical 
relationship*7 


(Pft-4) 


where  Vg  is  the  breakdown  voltage  at  which  Vf„  goes  to  infinity  (.Wo  -»  oe).  /M  is 
the  total  multiplied  current,  and  Ku  accounts  for  the  photodiode  series  resistance 
and  the  detector  load  resistance  The  exponential  factor  n depends  on  the  semi- 
conductor material  and  its  doping  profile  Its  value  varies  between  about  2.5  and  7. 
(a)  Show  that  for  applied  voltages  near  the  breakdown  voltage,  at  which  point 
I'l  » luRu.  Eq  (1*6-4)  can  be  approximated  by 


W0 


y» 


. 


lr  HYf  - V„  + luRsi)  nlnRu 
(h\  The  maximum  value  of  Wo  occurs  when  Vm  = Vg . Show  that,  at  this  point. 

t/J 


Wom«» 


6-5.  Consider  a sinusoidally  modulated  optical  signal  Pit)  of  frequency  ip.  modulation 
index  m.  and  average  power  P0  given  by 


/*(f)  = /*«(  I + mcoswr); 

Show  that  when  this  optical  signal  falls  on  a photodctector,  the  mean-square  signal 
current  (r;)  generated  consists  of  a dc  (average)  component  lp  and  a signal  current 
I,,  given  by 

(I2)  = l\  + U\)  = (JtoP»)2  + \0nJtoPaf 

where  tlvc  responsivity  is  given  by  Eq.  (6-6). 

6-6.  An  InGaAs  pin  photodiode  has  the  following  parameters  at  1 550  nra  Ip  ~ 1 .11  nA. 
ij  =0,95.  Ri  = 500  ft,  and  the  surface  leakage  current  is  negligible  Tile  incident 
oplical  power  is  500  nW  (-33  dBm)  and  the  receiver  bandwidth  is  150  MHz 
Compare  the  noise  currents  given  by  Eq  (6-14),  (6-15),  and  (6-16). 

6-7.  Consider  an  avalanche  photodiode  receiver  thal  has  the  following  parameters  dark 
current  fD  = I nA.  leakage  current  1/  = I nA.  quantum  efficiency  q — 0.85.  gain 
U — 100.  excess  noise  factor  F — ,W,/J.  load  resistor  Rt  — 10*  ft.  and  bandwidth 
B = 10  kHz.  Suppose  a sinusoidally  varying  850-nm  signal  having  a modulation 
index  m = 0.8$  falls  on  the  photodiode,  which  is  at  room  temperature  ( T = 300  K ). 
To  compare  the  contributions  form  the  various  noise  terms  to  the  xignuMo-noisc 
ratio  for  this  particular  set  of  parameters,  plot  the  following  terms  in  decibel*  |i.c.. 
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1 0 log< 5/.V)J  as  a function  of  the  average  received  optical  power  P„  Let  P0  mnp 
from  -70  to  0 dBm.  that  is.  from  0.1  nW  to  1.0  mW 


- GLHB 

**  (*),*$ 

What  happens  to  these  curves  if  either  the  load  resistor,  the  gain,  the  dark  current, 
or  the  bandwidth  is  changed  ’ 

6-8.  Suppose  an  avalanche  photodiode  has  the  following  parameters  //  = I nV 
Ip  = I nA.  7 = 0.85,  F = M RL  - 103  fl.  and  B = I kHz  Consider  a sinusoid* 
ally  varying  8S0-nm  signal,  which  has  a modulation  index  m = 0.85  and  an  averap 
power  level  P0  = —50  dBm.  to  fall  on  the  detector  at  room  temperature  Plot  the 
stgnal-to-notse  ratio  as  a function  of  M for  gains  ranging  from  20  to  100  At  what 
value  of  M docs  the  maximum  signal-to-noisc  ratio  occur? 

6-9.  Derive  Eq.  (6-19) 

6-10.  (a)  Show  that  under  the  boundary  conditions 

p„  = Pmo  for  x = oo 


the  solution  to  Eq.  (6-23)  is  given  by 

ft  -ft a - (ft.  + *-*'")  e*— 1 ^ 
where  L f = (Dr r,)l/J  is  the  diffusion  length  and 

0_YM 


, _(*A  a‘Li 

\D,)l-<r,L- 


(b)  Derive  Eq.  (6-25)  usmg  the  relationship 


(c)  Verify  that  Jioi  is  given  by  Eq  (6-26). 

6-11.  Consider  a modulated  photon  flux  density 

(fc  = <60  «■*“'  photons '(s  • cm:) 

to  fall  on  a photodctector,  where  <o  is  the  modulation  frequency.  The  total  cunti 
through  the  depletion  region  generated  by  this  photon  flux  can  be  shown  to  be’’ 
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J\w  = ( 4*  — : } 

where  €,  is  the  material  permittivity.  V it  the  voltage  across  the  depletion  layer,  and 
la  is  the  transit  Ume  of  earners  through  the  depletion  region 
<0>  From  the  short-circuit  current  density  ( V = 0),  find  the  value  of  udj  at  which 
the  phoiocurTent  amplitude  is  reduced  by  Vi 
(b)  If  the  depletion  region  thickness  is  assumed  to  be  I /a,,  what  is  the  3-dB  mod- 
ulation frequency  in  terms  of  a,  and  vj  (the  drift  velocity)? 

6-12.  Suppose  we  have  a silicon  pin  photodiode  which  has  a depletion  layer  width 
w = 20#rm,  an  area  A = 0.05  mm1.  and  a dielectric  constant  A',  = 11.7.  If  the 
photodiode  is  to  operate  with  a 10-kQ  load  resistor  at  800  nm,  where  the  absorp- 
tion coefficient  a,  = I O’  cm"1,  compare  the  RC  time  constant  and  the  carrier  drift 
time  of  this  device  Is  earner  diffusion  Ume  of  importance  in  this  photodiode? 

6-13.  Verify  that,  when  the  weighted  ionization  rate  ratios  A,  and  A;  are  assumed  to  be 
approximately  equal.  Eqs.  (6-34)  and  (6-35)  can  be  simplified  to  yield  F.qi  (6-38) 
and  (6-39). 

6-14.  Derive  the  limits  of  F,  given  by  Eq  (6-38)  when  (n)  only  electrons  cause  ionization, 
(A)  the  ionization  rates  a and  ft  are  equal 
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Having  discussed  the  characteristics  and  operation  of  pholodctcctors  in  the  pre- 
vious chapter,  we  now  turn  our  attention  to  the  optical  receiver  An  optical 
receiver  consists  of  a photodetcctor.  an  amplifier,  and  signal-processing  circuitry. 
It  has  the  task  of  first  converting  the  optical  energy  emerging  from  the  end  of  a 
fiber  into  an  electric  signal,  and  then  amplifying  this  signal  to  a large  enough  level 
so  that  it  can  be  processed  by  the  electronics  following  the  receiver  amplifier. 

In  these  processes,  various  noises  and  distortions  will  unavoidably  be  intro- 
duced. which  can  lead  to  errors  in  the  interpretation  of  the  received  signal.  As  we 
saw  in  the  previous  chapter,  the  current  generated  by  the  photodetcctor  is  gen- 
erally very  weak  and  ts  adversely  afTcctcd  by  the  random  noises  associated  with 
the  photodctection  process.  When  this  electric  signal  output  from  the  photodiode 
is  amplified,  additional  noises  arising  from  the  amplifier  electronics  will  further 
corrupt  the  signal.  Noise  considerations  arc  thus  important  in  the  design  of  opti- 
cal receivers,  since  the  noise  sources  operating  in  the  receiver  generally  set  the 
lowest  limit  for  the  signals  that  can  be  processed. 

In  designing  a receiver,  it  is  desirable  to  predict  its  performance  based  on 
mathematical  models  of  the  various  receiver  stages  These  models  must  take  into 
account  the  noises  and  distortions  added  to  the  signal  by  the  components  in  each 
stage,  and  they  must  show  the  designer  which  components  to  choose  so  that  the 
desired  performance  criteria  of  the  receiver  are  met. 
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The  most  meaningful  criterion  for  measuring  the  performance  of  a digital 
communication  system  is  the  average  error  probability.  In  an  analog  system  the 
fidelity  criterion  is  usually  specified  in  terms  of  a peak  signal-lo-rms-noisc  ratio. 
The  calculation  of  the  error  probability  for  a digital  optical  communication  re- 
ceiver differs  from  that  of  conventional  electric  systems.  This  is  because  of  the 
discrete  quantum  nature  of  the  optical  signal  and  also  because  of  the  probabilistic 
character  of  the  gain  process  when  an  avalanche  photodiode  is  used.  Various 
authors1"*  have  used  different  numerical  methods  to  derive  approximate  predic- 
tions for  receiver  performance.  In  carrying  out  these  predictions,  a tradeoff  results 
between  simplicity  of  the  analysis  and  accuracy  of  the  approximation.  General 
reviews  and  concepts  of  optical  receiver  designs  arc  given  in  Refs.  9-18. 

In  this  chapter,  we  first  present  an  overview  of  the  fundamental  operational 
characteristics  of  the  various  stages  of  an  optical  receiver.  This  consists  of  tracing 
the  path  of  a digital  signal  through  the  receiver  and  showing  what  happens  at  each 
step  along  the  way.  Section  7.2  then  outlines  the  fundamental  probability  methods 
for  determining  the  bit-error  rate  or  probability  of  error  of  u digital  receiver  based 
on  signal-to-noisc  considerations.  The  mathematical  details  for  this  are  given  m 
See  7.3.  These  derivations  and  Sec.  7 4 on  receiver  preamplifiers  encompass 
advanced  material  that  can  be  skipped  without  loss  of  continuity;  these  sections 
are  designated  by  a star  (★).  The  final  discussion  in  Sec.  7.5  addresses  analog 
receivers,  which  play  an  important  part  in  many  applications,  such  as  extensions 
of  microwave  and  satellite  links.  CATV,  and  video  transmission  systems 

7.1  FUNDAMENTAL  RECFJVF.R 
OPERATION 

The  design  of  an  optical  receiver  is  much  more  complicated  than  that  of  an  optical 
transmitter  because  the  receiver  must  first  delect  weak,  distorted  signals  and  then 
nuke  decisions  on  what  type  of  data  was  sent  based  on  an  amplified  version  of 
this  distorted  signal  To  get  an  appreciation  of  the  function  of  the  optical  receiver, 
ivc  first  examine  what  happens  to  a signal  as  it  is  sent  through  the  optical  data  link 
shown  in  Fig  7-1.  Since  most  fiber  optic  systems  use  a two-level  binary  digital 
signal,  we  shall  analyze  receiver  performance  by  using  this  signal  form  first 
Analog  receivers  arc  discussed  in  Sec.  7.5. 

7.1.1  Digital  Signal  Transmission 

A typical  digital  fiber  transmission  link  is  shown  in  Fig  7-1  The  transmitted 
signal  is  a two-level  binary  data  stream  consisting  of  cither  a 0 or  a 1 in  a time 
slot  of  duration  7*.  This  time  slot  is  referred  to  as  a bit  period.  Electrically,  there 
arc  many  ways  of  sending  a given  digital  message.1'*'31  One  of  the  simplest  tbut 
not  necessarily  the  most  efficient)  techniques  for  sending  binary  data  it  amplitude- 
shift  keying,  wherein  a voltage  level  is  switched  between  two  values,  which  arc 
usually  on  or  off.  The  resultant  signal  wave  thus  consists  of  a voltage  pulse  of 
amplitude  I relative  to  the  zero  voltage  level  when  a binary  I occurs  and  a zero- 
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FIGl  RE  7-1 

Signal  path  through  un  optical  data  link  (Adapted  with  permission  from  Peraomck  ct  al..4  O 197? 
IEEE  1 


voltage-level  space  when  a binary  0 occurs.  Depending  on  the  coding  scheme  to  be 
used,  a I may  or  may  not  fill  the  time  slot  7*.  For  simplicity,  here  we  assume  that 
when  a 1 is  sent,  a voltage  pulse  of  duration  7»  occurs,  whereas  for  a 0 the  voltage 
remains  at  its  zero  level.  A discussion  of  more  efficient  transmission  codes  is  given 
in  Chap.  8. 

The  function  of  the  optical  transmitter  is  to  convert  the  electric  signal  to  un 
optical  signal  As  shown  in  Chap.  4,  an  electric  current  /(/)  can  be  used  to  mod- 
ulate directly  an  optical  source  (either  an  LED  or  a laser  diode)  to  produce  un 
optical  output  power  Pit).  Thus,  in  the  optical  signal  emerging  from  the  trans- 
mitter. a I is  represented  by  a pulse  of  optical  power  (light)  of  duration  f/> 
whereas  a 0 is  the  absence  of  any  light. 

The  optical  signal  that  gets  coupled  from  the  light  source  to  the  fiber 
becomes  attenuated  and  distorted  as  it  propagates  along  the  fiber  waveguide 
Upon  reaching  the  receiver,  either  a pin  or  an  avalanche  photodiode  converts 
the  optical  signal  back  to  an  electrical  format.  After  the  electric  signal  produced 
by  the  photodetector  is  amplified  and  filtered,  a decision  circuit  compares  the 
signal  in  each  time  slot  with  a certain  reference  voltage  known  as  the  threshold 
level.  If  the  received  signal  level  is  greutcr  than  the  threshold  level,  a I is  said  to 
have  been  received  If  the  voltage  is  below  the  threshold  level,  a 0 is  assumed  to 
have  been  received 

In  some  cases,  an  optical  amplifier  is  placed  ahead  of  the  photodiode  to 
boost  the  optical  signal  level  before  photodetection.  This  is  done  so  (hat  the 
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signal-to-noisc  ratio  degradation  caused  by  thermal  noise  in  the  receiver  electron- 
ics can  be  suppressed  Compared  with  other  front-end  devices,  such  as  avalanche 
photodiodes  or  optical  heterodyne  detectors,  an  optical  preamplifier  provides  a 
larger  gain  factor  and  a broader  bandwidth.  However,  this  process  also  introduces 
additional  noise  to  the  optical  signal.  Chuptcr  1 1 addresses  optical  amplifiers  and 
their  cITccts  on  system  performance 


7.1.2  Error  Sources 


Errors  in  the  detection  mechanism  can  arise  from  various  noises  and  disturbances 
associated  with  the  signal  detection  system,  as  shown  in  Fig.  7-2  The  term  noise  is 
used  customarily  to  describe  unwanted  components  of  an  electric  signal  that  tend 
to  disturb  the  transmission  and  processing  of  the  signul  in  a physical  system,  and 
over  which  we  have  incomplete  control.  The  noise  sources  can  be  cither  extemul 
to  the  system  (c.g..  atmospheric  noise,  equipment-generated  noise)  or  internal  to 
the  system.  Here,  we  shall  be  concerned  mainly  with  internal  noise,  which  is 
present  in  every  communication  system  and  represents  a basic  limitation  on  the 
transmission  or  detection  of  signals.  This  noise  is  caused  by  the  spontaneous 
fluctuations  of  current  or  voltage  in  electric  circuits.  The  two  most  common 
samples  of  these  spontaneous  fluctuations  arc  shot  noise  and  thermal  noise. 
Shot  noise  arises  in  electronic  devices  because  of  the  discrete  nature  of  current 
flow  in  the  device.  Thermal  noise  arises  from  the  random  motion  of  electrons  in  a 
conductor.  Detailed  treatments  of  clcctnc  noise  may  be  found  in  Ref  21 

As  discussed  in  Chap  6.  the  random  amv.il  rate  of  signal  photons  produces 
■ quantum  (or  shot)  noise  at  the  photodetector  Since  this  noise  depends  on  the 
ugnal  level,  it  is  of  particular  importance  for  pin  receivers  that  have  large  optical 
input  levels  and  for  avalanche  photodiode  receivers.  When  using  un  avalanche 
photodiode,  an  additional  shol  noise  arises  from  the  statistical  nature  of  the 
multiplication  process.  This  noise  level  increases  with  increasing  avalanche  gam 
Af  Additional  photodctcctor  noises  come  from  the  dark  current  and  leakage 
current  These  arc  independent  of  the  photodiode  illumination  and  can  generally 
be  made  very  small  in  relation  to  other  noise  currents  by  a judicious  choice  of 
components. 
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Thcrmul  noises  arising  from  the  detector  load  resistor  and  from  the  ampli- 
fier electronics  tend  to  dominate  m applications  with  low  signal- to-noise  ratio 
when  a pin  photodiode  is  used.  When  an  avalanche  photodiode  is  used  in  low- 
optical-signal-levcl  applications,  the  optimum  avalanche  gain  is  determined  by  a 
design  tradeoff  between  the  thermal  noise  and  the  gain-dependent  quantum  noise 
Since  the  thermal  noises  are  of  a gaussian  nature,  they  can  be  readily  treated 
by  standard  techniques  This  is  shown  in  Sec.  7.3.  The  analysis  of  the  noises  and 
the  resulting  error  probabilities  associated  with  the  primary  photocurrent  genera- 
tion and  the  avalanche  multiplication  are  complicated,  since  neither  of  these 
processes  is  gaussian.  The  primary  photocurrent  generated  by  the  photodiode  is 
a time-varying  Poisson  process  resulting  from  the  random  arrival  of  photons  at 
the  detector.  If  the  detector  is  illuminated  by  an  optical  signal  P(i),  then  the 
average  number  of  electron  hole  pairs  N generated  in  a time  r is 

* = (7-1) 

hv J0  hv 

where  17  is  the  detector  quantum  efficiency,  hv  is  the  photon  energy,  and  E is  the 
energy  received  in  a time  interval  r.  The  actual  number  of  electron-hole  pairs  n 
that  are  generated  fluctuates  from  the  average  according  to  the  Poisson  distribu- 
tion 

- e" * 

P An)  = V — (7-2) 

ft. 

where  P,(n)  is  the  probability  that  n electrons  are  emitted  in  an  interval  r.  The  fact 
that  it  is  not  possible  to  predict  exactly  how  many  electron-hole  pairs  are  gener- 
ated by  a known  optical  power  incident  on  the  detector  is  the  origin  of  the  type  of 
shot  noise  called  quantum  noise.  The  random  nature  of  the  avalanche  multiplica- 
tion process  gives  rise  to  another  type  of  shot  noise.  Recall  from  Chap.  6 that,  for 
a detector  with  a mean  avalanche  gain  M and  an  ionization  rate  ratio  k.  the  excess 
noise  factor  F( M ) for  electron  injection  is 

F(M)  = kM  + (2 -!)(!-*) 

This  equation  is  often  approximated  by  the  empirical  expression 

F(M)  =r  M*  (7-3) 

where  the  factor  x ranges  between  0 and  1.0  depending  on  the  photodiode  mate- 
rial. 

A further  error  source  is  attributed  to  intersymbol  interference  (1SI).  which 
results  from  pulse  spreading  in  the  optical  fiber.  When  a pulse  is  transmitted  in  a 
given  time  slot,  most  of  the  pulse  energy  will  arrive  in  the  corresponding  time  slot 
at  the  receiver,  as  shown  in  Fig.  7-3.  However,  because  of  pulse  spreading  induced 
by  the  fiber,  some  of  the  transmitted  energy  will  progressively  spread  into  neigh- 
boring time  slots  as  the  pulse  propagates  along  the  fiber.  The  presence  of  this 
energy  in  adjacent  time  slots  results  in  an  interfering  signal,  hence  the  term  inter - 
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FIGURE  7-3 

PuIk  threading  in  »n  optical  ugnal 
> that  leodt  to  intcnymbol  interference 


n-mbol  interference.  In  Fig.  7-3  the  fraction  of  energy  remaining  in  the  appropriate 
time  slot  is  designated  by  y . so  that  I — y is  the  fraction  of  energy  that  has  spread 
into  adjacent  time  slots  Section  7.3  gives  the  details  of  ISI  effects  on  system 
performance 

7.IJ  Receiver  Configuration 

A schematic  diagram  of  a typical  optical  receiver  is  shown  in  Fig.  7-4.  The  three 
basic  stages  of  the  receiver  arc  a photodctcctor.  an  amplifier,  and  an  equalizer. 
The  photodctcctor  can  be  cither  an  avalanche  photodiode  with  a mean  gain  M or 
ii  pin  photodiode  for  which  A/  = 1.  The  photodiode  has  a quantum  efficiency  rj 
and  a capacitance  Cj.  The  detector  bias  resistor  has  a resistance  Rt,  which  gen- 
erates a thermal  noise  current  /»(/). 

The  amplifier  has  an  input  impedance  represented  by  the  parallel  combina- 
tion of  a resistance  R0  and  a shunt  capacitance  Ca.  Voltages  appeartng  across  this 
impedance  cause  current  to  flow  in  the  amplifier  output.  This  amplifying  function 
u represented  by  the  voltage-controlled  current  source  which  is  characterized  by  a 
iransconductanc*  gm  (given  in  ampercs/volt,  or  siemens).  There  are  two  amplifier 
noise  sources  The  input  noise  current  source  i„(/)  arises  from  the  thermal  noise  of 
the  amplifier  input  resistance  R.„  whereas  the  noise  voltage  source  ea(t)  represents 
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Schematic  diagram  of  a typical  optical  receiver 


280 


nm«  ai  kh'hvfh  off  km  kin 


the  thermal  noise  of  the  amplifier  channel.  These  noise  sources  are  assumed  to  he 
gaussian  in  statistics,  flat  in  spectrum  (which  characterizes  while  noise),  and 
uncorrclatcd  (statistically  independent)  They  are  thus  completely  described  by 
their  noise  spectral  densities1®  .9/  and  (see  App  E). 

The  equalizer  that  follows  the  amplifier  is  normally  u linear  frequency -shap- 
ing filter  that  is  used  to  mitigate  the  effects  of  signal  distortion  and  intersymbol 
interference.  Ideally/0  it  accepts  the  combined  frequency  response  of  the  trans- 
mitter. the  transmission  medium,  and  the  receiver,  and  transforms  it  into  a signal 
response  that  is  suitable  for  the  following  signal-processing  electronics.  In  some 
cases,  the  equalizer  may  be  used  only  to  correct  for  the  electric  frequency  response 
of  the  photodctcctor  and  the  amplifier. 

To  account  for  the  fact  that  the  rectangular  digital  pulses  that  were  sent  out 
by  the  transmitter  arrive  rounded  and  distorted  at  the  receiver,  the  binary  digital 
pulse  train  incident  on  the  pholodetector  can  be  described  by 

A0=  £ bmh„(i  - nTh)  (7-4) 

4M»-00 

Here.  P[t)  is  the  received  optical  power.  7»  is  the  bit  penod.  bH  is  un  amplitude 
parameter  representing  the  nth  message  digit,  and  hr(l)  is  the  received  pulse  shape, 
which  is  positive  for  all  r.  For  binary  data  the  parameter  />„  can  take  on  the  two 
values.  him  and  h„a.  corresponding  to  a binary  I and  0,  respectively  If  we  let  the 
nonnegative  photodiode  input  pulse  hr{t)  be  normalized  to  have  unit  area 

MO  dt  = I (7-5) 

then  h„  represents  the  energy  in  the  nth  pulse. 

Hie  mean  output  current  from  the  photodiode  at  time  r resulting  from  the 
pulse  train  given  in  Eq.  (7-4)  is  (neglecting  dc  components  arising  from  dark  noise 
currents) 


(/(/)>  = ^ MP(t)  = iXoM  ]T  M,(/  - nT„)  (7-6) 

•=  — OO 

where  = i\q/hv  is  the  photodiode  responsivity  as  given  in  Eq.  (6-6).  This 
current  is  then  amplified  and  filtered  to  produce  a mean  voltage  at  the  output 
of  the  equalizer. 


7.1.4  Fourier  Transform  Representation* 

To  evaluate  the  specifics  of  equalizer  output  voltage,  we  need  to  use  Fourier 
transform  techniques.  We  describe  these  briefly  here  The  mean  voltage  at  the 
output  of  the  equalizer  is  given  by  the  convolution  of  the  current  with  the  ampli- 
fier impulse  response  (see  App,  E): 


t : iHt.rrAt  BiTTivm  ri  hionmam  t 
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{t’uui(0>  = A&aMPU)  • h,(t)  * h^[l) 
= 40GP(t)  */>„(/)  */«0(J(i) 


(7-7) 


Here.  A is  the  amplifier  gain,  we  define  G = AM  for  brevity.  hg(i)  is  the  impulse 
response  of  the  bias  circuit.  Arq(/)  is  the  equalizer  impulse  response,  and  • denotes 
convolution 

From  Fig  7-4.  hg{i)  is  given  by  the  inverse  Fourier  transform  of  the  bias 
circuit  transfer  function  //*(/): 

A*(0  = F-'|//a(/)]  = j'  -HgfJ)  (7-8) 

where  F denotes  the  Fourier  transform  operation.  The  bias  current  transfer  func- 
tion //«(/)  is  simply  the  impedance  of  the  parallel  combination  of  Rh.  /?„.  Cj,  and 


where 


and 


Hg(f)  = 


2 

R 


1 

\/R+j2xfC 

(7-9) 

1 1 

R„  ' Rt. 

(7-10) 

C«  + C.4 

(7-11) 

Analogous  to  Eq.  (7-4),  the  mean  voltage  output  from  the  equalizer  can  be 
written  in  the  form 


(•WO)  = 52  M«ut(/-«7fr) 


(7-12) 


where 


/»««.<  0 = •*«  GhrU)  • hgU)  • h^t)  (7-13) 

is  the  shupc  of  an  isolated  amplified  and  filtered  pulse,  The  Fourier  transform  of 
Eq.  (7-13)  can  be  written  a*19  (see  App.  E) 


WO  = Jt0GH „(./)/ tg(f)H^f) 


(7-14) 


Here.  Hf{f)  is  the  Fourier  transform  of  the  received  pulse  shape  /ir(  / ).  und  //„,(/) 
is  the  transfer  function  of  the  equalizer. 


7.2  DIGITAL  RECEIVER  PERFORMANCE 

In  a digital  receiver  the  amplified  and  filtered  signal  emerging  from  the  equalizer  is 
compared  with  a threshold  level  once  per  time  slot  to  determine  whether  or  not  u 
pulse  is  present  at  the  photodcicclor  in  that  time  slot.  Ideally,  the  output  signal 
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tw(n  would  always  exceed  (he  threshold  voltage  when  a I is  present  and  would 
be  less  than  the  threshold  when  no  pulse  (a  0)  was  sent.  In  actual  systems,  devia- 
tions from  the  average  value  of  t'ou, (/)  are  caused  by  various  noises,  interference 
from  adjacent  pulses,  and  conditions  wherein  the  light  source  is  not  complete!) 
extinguished  during  a zero  pulse. 


7.2.1  Probability  of  Error 

In  practice,  there  are  several  standard  ways  of  measuring  the  rate  of  error  occur- 
rences in  a digital  data  stream.”  One  common  approach  is  to  divide  the  number 
N,  of  errors  occuring  over  a certain  time  interval  l by  the  number  N,  of  pulses 
(ones  and  zeros)  transmitted  during  this  interval.  This  is  called  either  the  error  rair 
or  the  bit-error  rale,  which  is  commonly  abbreviated  BER.  Thus,  we  have 

= ^ = ^ (7.15) 

where  B = 1/7*  is  the  bit  rate  (i.e..  the  pulse  transmission  rate).  The  error  rate  is 
expressed  by  a number,  such  as  10“*,  for  example,  which  states  that,  on  the 
average,  one  error  occurs  for  every  billion  pulses  sent.  Typical  error  rates  for 
optical  fiber  telecommunication  systems  range  from  10“’  to  1G~U.  This  error 
rate  depends  on  the  signal-to-noise  ratio  at  the  receiver  (the  ratio  of  signal 
power  to  noise  power).  The  system  error  rate  requirements  and  the  receiver 
noise  levels  thus  set  a lower  limit  on  the  optical  signal  power  level  that  is  required 
at  the  photodctcctor. 

To  compute  the  bit-error  rate  at  the  receiver,  we  have  to  know  the  prob- 
ability distribution21  of  the  signal  at  the  equalizer  output.  Knowing  (he  signal 
probability  distribution  at  this  point  is  important  because  it  is  here  that  the 
decision  is  made  as  to  whether  a 0 or  a I is  sent.  The  shapes  of  two  signal 
probability  distributions  are  shown  in  Fig.  7-5.  These  are 

P|(w)=f  />0,II)<6‘  (7-16) 

J-o© 

which  is  the  probability  that  the  equalizer  output  voltage  is  less  than  t;  when  a 
logical  I pulse  is  sent,  and 

Po(v)  = JJ  *v|0)  dy  (7-17) 

which  is  the  probability  that  the  output  voltage  exceeds  u when  a logical  0 u 
transmitted.  Note  that  the  different  shapes  of  the  two  probability  distributions 
in  Fig.  7-5  indicate  that  the  noise  power  for  a logical  0 is  usually  not  the  same  as 
that  for  a logical  1.  This  occurs  in  optical  systems  because  of  signal  distortion 
from  transmission  impairments  (e.g.,  dispersion,  optical  amplifier  noise,  and 
distortion  from  nonlinear  effects)  and  from  noise  and  ISI  contributions  at  the 
receiver  The  functions  pO‘|l)  and  p(y|0)  are  the  conditional  probability  distribu- 
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tion  function*;’  21  that  i*.  pO'l*)  i*  the  probability  that  the  output  voltage  is  y, 
given  that  an  x was  transmitted. 

If  the  threshold  voltage  is  m,  then  the  error  probability  P,  is  defined  as 

P,  - fl/Mvrh)  + bPffak)  (7-18) 

The  weighting  factors  a and  h arc  determined  by  the  a priori  distribution  of  the 
data.  That  is.  a and  b arc  the  probabilities  that  either  a I or  a 0 occurs,  respec- 
tively. For  unbiased  data  with  equal  probability  of  I and  0 occurrences. 
a = h = 0.5.  The  problem  to  be  solved  now  is  to  select  the  decision  threshold  at 
that  point  where  P,  is  minimum 

To  calculate  the  error  probability  we  require  u knowledge  of  the  mean- 
square  noise  voltage  (\?N)  which  is  superimposed  on  the  signal  voltage  at  the 
decision  time.  The  statistics  of  the  output  voltage  at  the  sampling  time  are  very 
complicated,  so  that  an  enact  calculation  is  ruther  tedious  to  perform  A number 
of  different  approximations1"1*  have  therefore  been  used  to  calculate  the  perform- 
ance of  a binary  optical  fiber  receiver.  In  applying  these  approximations,  we  have 
to  make  a tradeoff  between  computational  simplicity  and  accuracy  of  the  results 
The  simplest  method  is  based  on  a gaussian  approximation  In  this  method,  it  is 
assumed  that,  when  the  sequence  of  optical  input  pulses  is  known,  the  equalizer 
output  voltage  fouim  is  a gaussian  random  variable  Thus,  to  calculate  the  error 
probability,  we  need  only  to  know  the  mean  and  standard  deviation  of  i 
Other  approximations  that  have  been  investigated  are  more  involved4"6-16"1*  and 
will  not  be  discussed  here. 
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Thus,  lei  us  assume  that  a signal  jt  (which  can  be  either  a noise  disturbance 
or  a desired  information-bearing  signal)  has  a gaussian  probability  distribution 
function  with  a mean  value  m.  If  we  sample  the  signal  voltage  level  s(t)  at  any 
arbitrary  time  t| , the  probability  that  the  measured  sample  .q/| ) falls  in  the  range  r 
to  .t  + dt  is  given  by 


As)  ds  - -J =e-^^ds 
v2rro* 


(7-19) 


where  /(»)  is  the  probability  density  function,  or  is  the  noise  variance,  und  its 
square  root  a is  the  standard  deviation,  which  is  a measure  of  the  width  of  the 
probability  distribution.  By  examining  Eq.  (7-19)  we  can  see  that  the  quantity 
2v2o  measures  the  full  width  of  the  probability  distribution  at  the  point  where 
the  amplitude  is  1/e  of  the  maximum. 

We  can  now  use  the  probability  density  function  to  determine  the  probabil- 
ity of  error  for  a data  stream  in  which  the  I pulses  are  all  of  amplitude  F.  At 
shown  in  Fig.  7-6.  the  mean  and  variance  of  the  gauxtian  output  for  a I pulse  are 
bim  and  a^,  respectively,  whereas  for  a 0 pulse  they  arc  and  respectively 
Let  us  first  consider  the  case  of  a 0 pulse  being  sent,  so  that  no  pulse  is  present  al 
the  decoding  time  The  probability  of  error  in  this  case  is  the  probability  that  the 
noise  will  exceed  the  threshold  voltage  u,t,  and  be  mistaken  for  u I pulse.  Thit 
probability  of  error  Pn(v)  is  the  chance  that  the  equalizer  output  voltage  til)  will 
fall  somewhere  between  and  oo.  Using  Eqs.  (7-17)  and  (7-19).  we  have 


Fo(t'th) 


~P<ylO)dy=  f 

J Hi  J 


Mi ¥> 


» r__r  fr-w i, 

s/2Wr  J.,.  2o*ir  J 


(7-20) 


where  the  subscript  0 denotes  the  presence  of  a 0 bit 

Similarly,  we  can  find  the  probability  of  enor  that  a transmitted  1 is  mis- 
interpreted as  a 0 by  the  decoder  electronics  following  the  equalizer.  This  prob- 
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ability  of  error  is  the  likelihood  that  the  sampled  signal-plus-noise  pulse  falls 
below  riy,.  From  Eqs.  (7-16)  and  (7-19).  this  is  simply  given  by 


P\(V\k)  = ( PO'I  I K>’  = f f\ (v)dv 

J—ao 

f.-Wl- 


sPlna a 


(7-21) 


where  the  subscript  1 denotes  the  presence  of  a I bit. 

If  we  assume  that  the  probabilities  of  0 and  I pulses  arc  equally  likely,  then, 
using  Eqs.  (7-20)  and  (7-21),  the  bit-error  rate  (BER)  or  the  error  probability  P, 
given  by  Eq  (7-18)  becomes 


BER  = />,<£)  = -1=  r 

s/”  iQtJs 

-si1-"®]' 


e'rdx 


I e~&n 
sfln  Q 


(7-22) 


The  approximation  is  obtained  from  the  asymptotic  expansion  of  crf(.r),  Here,  the 
parameter  Q is  defined  as 


and 


Q = 


»'ih  - bog 
t'ofT 


(7-23) 


(7-24) 


it  the  error  function,  which  is  tabulated  in  various  mathematical  handbooks  14 
The  factor  Q is  widely  used  to  specify  receiver  performance,  since  it  is 
related  to  the  signal-to-noisc  ratio  required  to  achieve  a specific  bit-error  rate.23 
in  particular.  it.  takes  into  account  that  in  optical  fiber  systems  the  variances  in  the 
noise  powers  generally  are  different  for  received  logical  0 and  I pulses.  Figure  7-7 
shows  how  the  BER  varies  with  Q.  The  approximation  for  P,  given  in  Eq.  (7-22) 
and  shown  by  the  dashed  line  in  Fig.  7-7  is  accurate  to  1 percent  for  Q =*=  3 and 
improves  as  Q increases.  A commonly  quoted  Q value  is  6.  since  this  corresponds 
to  a BER  = 10-’. 

Let  us  consider  the  special  case  when  aolT  = 0^  — 0 and  = 0.  so  that 
bm  = V . Then,  from  Eq.  (7-23)  we  have  thut  the  threshold  voltage  t/,*  = F/2,  so 
that  Q = V 12a  Since  a is  usually  called  the  rmx  noise,  the  rutio  F/o  is  the  peak 
ngnal-to-mu-noise  ratio.  In  this  case.  Eq.  (7-22)  becomes 

.art- 1 [l-erf^)] 


(7-25) 
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FIGl'Rf  7-7 

PUn  of  the  BER  (P,)  venua  the  factor  fi.  Thr 
approximation  from  Eq  (7-22)  it  ihown  In  thr 
dashed  line. 


Example  7-1.  Figure  7-8  shows  a plot  of  the  BER  expression  from  Eq  (7-25)  as  a 
function  of  the  signal-to-noise  ratio  Let  us  look  at  two  eases  of  transmission  rates 
(0)  For  a signjl-to-noi.se  ratio  of  8.5  (18.6  dB)  we  have  P,  = 10*’.  If  this  is  the 
received  signal  level  for  a standard  DSI  telephone  rate  of  I 544  Mb/s,  thu 
BER  results  in  a misinterpreted  bn  every  0.065  s.  which  is  highly  unsatisfactory 
However,  by  increasing  the  signal  strength  so  that  V/o  = 12.0  (21.6  dB).  the 
BER  decreases  to  P,  - 10“’.  For  the  DSI  case,  this  means  that  a bit  is  misin- 
terpreted every  650  s (or  1 1 min),  which,  in  general,  is  tolerable 
(6)  For  high-speed  SONET  links,  say  the  OC-12  rate  which  operates  at  622  Mb  s. 
BERs  of  10  11  or  I0-1'  are  required  This  means  that  we  need  to  have  at  least 
V/o  = 13.0  (22.3  dB) 

Example  7-1  demonstrates  the  exponential  behavior  of  the  probability  of 
error  as  a function  of  the  signal-io-noise  ratio.  Here,  we  saw  that  by  increasing 
V/o  by  s/2,  that  is.  doubling  S/N  (a  3-dB  power  increase),  the  BER  decreased  by 
I0\  Thus,  there  exists  a narrow  range  of  signal-to-noise  ratios  above  which  the 
error  rate  is  tolerable  and  below  which  a highly  unacceptable  number  of  errors 
occur  The  signal-to-noise  ratio  at  which  this  transition  occurs  is  called  the  thresh- 
old level.  In  general,  a performance  safety  margin  of  3-  6 dB  is  included  in  the 
transmission  link  design  to  ensure  that  this  threshold  level  is  not  exceeded  when 
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Bit-error  rale  at  a function  of  signal-lo-nutte  ratio  when  the  standard  deviations  arc  equal  |n„  = o;JI ) 
and  b„n  — 0. 


system  parameters  such  as  transmitter  output,  line  attenuation,  or  noise  floor  vary 
with  time. 

For  simplicity,  in  the  analyses  in  Sec  7.3.  we  shall  first  assume  that  the 
optical  power  is  completely  extinguished  in  those  time  slots  where  a 0 occurs. 
In  practice,  there  is  usually  some  optical  signal  in  the  0 time  slot  of  a baseband 
binary  signal,  since  the  optical  source  is  often  biased  slightly  on  at  all  times  As  we 
ww  in  Chap.  4.  this  is  done  to  increase  the  response  speed  of  the  light  source. 
Biasing  the  light  source  slightly  on  during  a 0 time  slot  results  in  a nonzero 
extinction  ratio  c.  This  is  defined  as  the  ratio  of  the  optical  power  in  a 0 pulse 
to  the  power  in  a I pulse.  Its  effect  is  a power  penalty  in  receiver  sensitivity  (see 
Sec  7.3.5  where  Fig.  7-16  shows  a 1-dB  penalty  for  f = 0), 
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7.2.2  The  Quantum  Limit 

In  designing  an  optical  system,  it  is  useful  to  know  what  the  fundamental  physical 
bounds  are  on  the  system  performance.  Let  us  see  what  this  bound  is  for  the 
photodclcction  process.  Suppose  we  have  an  ideal  pholodctcctor  which  has  unity 
quantum  efficiency  and  which  produces  no  dark  current;  that  is,  no  electron  hole 
pairs  are  generated  in  the  absence  of  an  optical  pulse.  Given  this  condition,  it  is 
possible  to  find  the  minimum  received  optical  power  required  for  a specific  bit- 
error-rale  performance  in  a digital  system.  This  minimum  received  power  level  is 
known  as  the  quantum  limit , since  all  system  parameters  are  assumed  ideal  and  the 
performance  is  limited  only  by  the  photodetection  statistics. 

Assume  that  an  optical  pulse  of  energy  E falls  on  the  pholodctcctor  in  a time 
interval  r.  This  can  only  be  interpreted  by  the  receiver  as  a 0 pulse  if  no  electron- 
hole  pairs  are  generated  with  the  pulse  present.  From  Eq.  (7-2)  the  probability 
that  n = 0 electrons  arc  emitted  in  a lime  interval  r is 

/MO)  = e~*  (7-261 

where  the  average  number  of  electron-hole  pairs.  N.  is  given  by  Eq.  (7-1).  Thus, 
for  a given  error  probability  /MO),  we  can  find  the  minimum  energy  £ required  at 
a specific  wavelength  a. 


Example  7-2.  A digital  fiber  optic  link  operating  at  850  nm  requires  a maximum 
BER  of  I0-" 

(a)  Let  us  first  find  the  quantum  limit  in  terms  of  the  quantum  efficiency  of  the 
detector  and  the  energy  of  the  incident  photon.  From  Eq.  (7-26)  the  probability 
of  error  is 


/MO)  = r*  = 10'* 

Solving  for  N.  we  have  N = 9 In  10  = 20.7  21  Hence,  an  average  of  21  photons 

per  pulse  is  required  for  this  BER.  Using  Eq  (7-1)  and  solving  for  E.  we  gel 

£ = 20.7  — 

1 

(6)  Now  lei  us  find  the  minimum  incident  optical  power  /'«  that  must  fall  on  (he 
pholodctcctor  to  achieve  u 10'"  BER  at  a data  rate  of  10  Mb/s  for  a simple 
binary-level  signaling  scheme.  If  the  detector  quantum  efficiency  ij  = I,  then 

£ m /V  = 20.7to.  = 20.7 y 

where  I/t  is  one-half  the  data  rate  B.  that  is,  l/r  = Bj 2.  (Note:  This  assumes  an 
equal  number  of  0 and  I pulses.)  Solving  for  Pn, 


Po 


20.7 


hcB 

IX 


20.7(6  626  x 10-*J  *K3.0  x I0*m/»KI0  x I06 bits/s) 
2(0.85  x I0"*m) 


24.2  pW 
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or.  when  the  reference  power  level  is  I mW. 

Pa  = -76.2  dBm 

In  practice,  the  sensitivity  of  most  receivers  is  around  20  dB  higher  than  the 
quantum  limit  because  of  various  nonlinear  distortions  and  noise  effects  in  the 
transmission  link.  Furthermore,  when  specifying  the  quantum  limit,  one  has  to  be 
careful  to  distinguish  between  average  power  and  peak  power.  If  one  uses  average 
power,  the  quantum  limit  given  in  Example  7-2  would  be  only  10  photons  per  bit 
for  a 10"®  BER  Sometimes,  the  literature  quotes  the  quantum  limit  based  on 
these  average  powers  However,  this  can  be  misleading  since  the  limitation  on  real 
components  is  based  on  peak  and  not  average  power 

7.3  DETAILED  PERFORMANCE 
CALCULATIONS* 

This  section  gives  the  mathematical  details  of  one  approach  for  evaluating  digital 
receiver  performance.  For  completeness  of  the  discussion  and  a better  under- 
standing of  the  material,  a few  of  the  basic  equations  from  See  7.2  arc  repealed 
here 

7.3.1  Receiver  Notes* 

We  now  turn  our  attention  to  calculating  the  noise  voltages  or.  equivalently,  the 
noise  currents.  If  MO  is  the  noise  voltage  causing  to  deviate  from  its 

average  value,  then  the  actual  equalizer  output  voltage  is  of  the  form 

tw(0  = (tw(0)  + MO  (7-27u) 

The  noise  voltage  at  the  equalizer  output  for  the  receiver  shown  in  Fig.  7-4  can  be 
represented  by 

VmO)  = «&«(0  + vj,(0  + W/(0  + »i<0  (7-27A) 

where 

iWdO  is  the  quantum  (or  shot)  noise  resulting  from  the  random  multiplied 
Poisson  nature  of  the  photocurrent  1,(0  produced  by  the  photodetector 

t'/i(0  is  the  thermal  (or  Johnson)  noise  associated  with  the  bias  resistor  R,. 
it/(0  results  from  the  amplifier  input  noise  current  source  »„(/) 

: y y y y y y y y y y y y y y >•  y >■  y y y >■  y >•  y y y y y y y y 

y y y y y*f  t V ^ -A  T*  I?  t*S.*V*^  }.*  9 W..  ITS.,  y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y 

y y y y y y y y y v >■  yyyyyyyyyyyyyyyy  y y y >■  >•  y y >•  y y >•  y y >■  y y y y y y y y y y y y y v y y v y y y >■  y y v v v >•  v y 
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Furthermore,  we  introduce  the  dimensionless  time  and  frequency  variables 
t = i/Tt,  and  <fr  =/Tt,  to  make  the  bandwidth  integrals  of  Eqs.  (7-30)  and  (7*33) 
independent  of  the  bit  period  7),.  This  means  that  the  numerical  value  will  depend 
only  on  the  shapes  of  the  received  and  equalized  pulses  and  not  on  their  scale 
Using  these  values,  it  can  be  shown  by  considering  the  Fourier  transforms  of  hr{r) 
and  /u t(r)  that  the  normalized  transforms,  denoted  by  and  are 

related  to  Hr(f)  and  //«,,(/)  by 

/*;<*>  = H„{f) 

1 (7*40) 

H^{*)  = jr  *»«(/) 

Thus,  it  follows  that  the  normalized  bandwidth  integral.*  are1® 


and 


(7-41) 


(7-42) 


Thus,  using  Eqs.  (7-41)  and  (7-42),  the  bandwidth  integrals  in  Eqs.  (7-30) 
and  (7-33)  become 

= hB  (7-43) 

•h 

and 


£ 4 h = hB  + QxRCfhl?  (7-44) 

n Tk 

In  evaluating  Eqs.  (7-30)  and  (7-33),  we  used  the  normalization  conditions  on 
Jutland  h,m[(t)  given  by  Eqs.  (7-5)  and  (7-38).  respectively,  to  derive  the  relation- 
ships 

«,<  0)  = I = //,'(  0)  and  //„„,(  0)  = T„ 

» that  H^( 0)  = 1 

Using  these  expressions  for  B kar  and  B,.  and  from  Eqs.  (7-29).  (7-31 ).  (7-32). 
ind  (7-34),  the  total  mean-square  noise  voltage  in  Eq.  (7-28)  becomes 

I (w1,)  = RrA:(2q[io)Mu'  + + S,  + ^)hB  + (2nRC):A2SElyB} 

m IqRAB)2  MUxThh  + W 


(7-45) 
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where 


4Afr  S£\,  (2jtC)j 

^=?i(s'+-Ar+s),’+^Si'’'’ 

is  a dimensionless  parameter  characterizing  the  thermal  noise  of  the  rccciv 
shall  call  this  parameter  the  thermal  noise  characteristic  of  the  receiver  am 
Since  the  signal  and  noise  voltages  in  Eq.  (7-45)  are  each  proportion* 
resistance  R,  we  can  rewrite  all  of  the  expressions  malting  up  Eq.  (7-45)  in  h 
input  signal  and  noise  currents.  Doing  so  yields  the  results  shown  in  Tabl 
Our  task  now  is  to  find  the  minimum  energy  per  pulse  that  is  requ 
achieve  a prescribed  maximum  bit-error  rate.  For  this,  we  shall  assume  £ 
output  voltage  is  approximately  a gaussian  variable.  This  is  the  signal-t 
ratio  approximation.  Although  the  shot  noise  has  a Poisson  distributa 
inaccuracy  resulting  from  the  gaussian  approximation  is  small.'  The  me 
variance  of  the  gaussian  output  for  a I pulse  are  bon  and  whereas  for  a 
they  are  ben  and  This  is  illustrated  in  Fig  7-6.  The  variances  and  < 
defined  as  the  worst-case  values  of  (v^).  which  arc  obtained  by  substiluti 
(7-35)  and  (7-36),  respectively,  for  (<o)  into  Eq.  (7-34): 

If  the  decision  threshold  voltage  tv*  is  set  so  that  there  is  an  equi 
probability  for  0 and  I pulses,  and  if  we  assume  that  there  are  an  equal  nun 
0 and  I pulses  (i.e..  a = b = $ in  Eq.  (7-1 8)J,  then  from  Eqs.  (7-16)  and  (7 

Po(u«h)  = /Mi'll.)  = | P* 


TABI.E  7-1 

Input  signal  and  noise  currents  in  an  optical  receiver 


Shot  noise 

> = hikHm WhB 

Thermal  notec 

Shunt  none 

</?>  = 

Series  noise 

Total  notsc 

<£>-tf)  + <4)  ■*-</?>  + <£) 

-VtJfftHaityjJ-i-fW) 
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Assuming  ihai  the  equalizer  output  is  a gaussian  variable,  the  bit-error  rate  (BER) 
or  the  error  probability  P,  is  given  by  Eqs.  (7-20)  and  (7-21): 

BER  “ '• ■ TSuZ,  £ Hr  ']* 


I 


V2xo, 

Defining  the  parameter  Q as 

l,lh  — ho a ban  ~ I'lh 


Q = 


Ootr 


(7-50) 


then  Eq.  (7-49)  becomes 

BER  = P,(Q)  = 4=  r 

-st'-H#)]  (7-5,) 

••here  crf(.t)  is  the  error  function  which  is  defined  in  Eq.  (7-24).  To  an  excellent 
approximation,  Eq.  (7-51)  can  be  replaced  by2* 

1 e-#'1 

W-TETi r (7-52) 

The  parameter  Q is  related  to  the  stgnal-lo-noise  ratio  required  to  achieve  the 
desired  bit-error  rate.2*  Equation  (7-51)  states  that  relative  to  the  noise  at  ban  the 
threshold  voltage  vu,  must  be  at  least  Q standard  deviations  above  h0< r.  or.  equiva- 
lently. relative  to  the  noise  at  hotl  the  threshold  voltage  must  be  no  more  than  Q 
standard  deviations  below  b^  to  have  the  desired  error  rate. 


Example  7-3.  When  there  u little  intersymhol  interference,  y is  small,  so  that 
<rt j,  2r  oh,  Then,  by  letting  b^\  = 0.  we  have  from  Eq.  (7-50)  that 

r,  1 s 

Q 2 om  IN 

which  is  one-half  the  signal-to-noi>e  ratio.  In  this  case,  m,  = h«./2,  so  that  the 
optimum  decision  threshold  is  midway  between  the  0 and  I signal  levels. 

Example  7-4.  For  an  error  rate  of  10"’  we  have  from  Eq  (7-51)  that 

From  Fig  7-6  we  have  that  Q ~ 6 (an  exact  evaluation  yields  Q = 5.99781 ).  which 
give*  a vgnal-to-noise  ratio  of  12,  or  10.8  dB  (i.c..  l01og(.V/\)  = lOlog  12  = 10.8 
dB) 
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Using  ihc  expression  in  Eq.  (7-50),  the  receiver  sensitivity  is  given  by 

f>on  ~ kitt  — Q{°ot i + Oaft)  H--3) 


If  f>„ it  is  zero,  the  required  energy  per  pulse  that  is  needed  to  achieve  a desired  bit- 
error rate  characterized  by  the  parameter  Q is 


- s*  l K1  sV> + “I" +K' - >■> + “f | o4 


We  can  now  determine  the  optimum  value  of  the  avalanche  gam,  by 
difTcrenliating  Eq  (7-54)  with  respect  to  M and  putting  dboa/dM  = 0 After  going 
through  some  lengthy  but  straightforward  algebra,  we  obtain* 


,,,M  n 27:  \ I -y) 


17-551 


where 


A.  = 


-I  + 


I + 16 


I + x I - y ' 

**  (2  -y?. 


1/3 


r-56) 


The  minimum  energy  per  pulse  necessary  to  achieve  a bit-error  rate  char- 
acterized by  Q can  then  be  found  by  substituting  Eq.  (7-55)  into  Eq  (7-54)  and 
solving  for  t>aa  Doing  so  yields* 

/Wrain  = L (7-57 


where 


L = 


•2(l-y)]l;|lt,,|[(2-y)A 
A'(2  - y)J  j|/2d-y> 


|2+*|/(I+«| 

- y)K  + ll,/J 


<7-51 


The  parameter  /.  has  a somewhat  involved  expression,  but  it  has  the  fcatur 
of  depending  only  on  the  fraction  y of  the  pulse  energy  contained  within  a hi 
period  77,  and  on  the  avalanche  photodiode  factor  » Values  for  L arc  typical! 
between  2 and  3.  Recalling  from  Chap  6 that  v takes  on  values  between  0 and  |j 
(c.g-,  0 for  pin  photodiodes,  0.3  for  silicon  APDs,  0 7 for  InGaAs  APDs,  and  Ij 
for  Gc  APDs).  we  plot  L as  a function  of  ><  in  Fig  7-10  for  three  different  value 
of  t Note  that  these  curves  give  / for  any  received  pulse  shape,  since  L depend 
only  on  v and  y. 

The  optimum  gain  at  the  desired  bit-error  rate  characterized  by  Q can  b 
found  by  substituting  Eq  (7-57)  into  Eq  (7-55)  to  obtain 


7"  QI:  [2(1  - y)L 


(U«V(i+») 


(7-S 
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RGI  RE  7-10 

RcUuonthip  between  the  parameter  L and  the  Iranian  y of  received  optical  energy  of  a pulie  in  u time 
tint  r,  for  « = O.t  (Si).  0 7 (InOaAi).  and  I 0 (Cie) 


The  optimum  avalanche  gain  becomes,  when  y - I (no  intersymbol  interference). 


0(”  “ xQh 


(7-60) 


The  proof  of  this  Is  left  as  an  excrcise. 


7J.4  Performance  Curves* 

Using  Eq.  (7-57)  we  can  calculate  the  effect  of  mtcrsymbol  interference  on  the 
required  energy  per  pulse  at  the  optimum  gain  for  any  received  and  equalized 
pulse  shape  The  minimum  optical  power  required  occurs  for  very  narrow  optical 
input  pulses.1  Ideally,  this  is  a unit  impulse  or  delta  function  More  power  is 
necessary  for  other  received  pulse  shapes  The  additional  or  excess  passer  A P 
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required  for  pulse  shapes  other  than  impulses  is  normally  defined  as  a power 
penally  measured  in  decibels.  Thus. 


A P=  lOloe^-1^*  (7-61) 

Oonimpul« 

As  an  example,  we  shall  calculate  the  case  for  which  the  amplifier  resistance 
R given  by  Eq.  (7-10)  is  sufficiently  large  so  that  the  term 


(2*0- 

7Vvf 


4’rA 


dominates  the  thermal  noise  in  Eq.  (7-46).  In  this  case. 

fi/(2+M.IAI  +a>. 


0*2) 


where  the  subscripts  n and  / refer  to  mmimpulxe  and  impulse,  respectively. 

For  the  input  pulse  shape  />,,(/)  to  the  receiver,  we  shall  choose  a gaussian 

pulse. 


hp{,)  ~ V2xaThe  * T‘ 
the  normalized  Fourier  transform  of  which  is 


(7-63) 


//;<*)  = e-{2m*),/2  (7-64) 


The  parameter  vanes  between  0 and  I and  determines  the  bandwidth  used  by 
the  pulse,  as  shown  in  Fig  7-12  A fl  value  of  unity  indicates  that  the  bandwidth  is 
2/7*.  whereas  fi  = 0 means  that  the  minimum  bandwidth  of  1/7'*,  is  used 


FICt  R£  7-12 

Shape  of  a ruined -c twine  put«e  iintl  tu  Founcr  iruntiorm  fur  three  Uillciem  value*  of  ihc  putumeter  fi 
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The  results  of  a numerical  evaluation  of  Eq  (7-73)  as  a function  of  or  arc  given  in 
Fig  7-13.  With  the  same  assumptions. 


(7-74) 


The  numerical  evaluation  of  /*,  as  a function  of  a is  shown  in  Fig  7-13 

Two  more  parameters  {L,  and  L„)  now  remain  to  be  evaluated  in  Eq  (7-62) 
in  order  to  determine  the  receiver  power  penalty  Since  all  the  pulse  energy  is 
contained  within  the  bit  period  for  a unit  impulse  input.  L,  is  determined  by 
taking  the  limit  of  l..  in  Fq.  (7-58)  as  y goes  to  unity  Thus. 

L,  = lim  /.  = (!  +-*)( ^)  (7-75) 


The  proof  of  this  is  left  as  an  exercise 


FIGURE  7-13 

now  of  Die  ruirmuli/cd  dirocmmnttrn  bandwidth  variable*  />  and  /,  ui  a function  of  a for  a gausvian 
input  pul»e  The  output  pufsc  a a raiv.il  cosine  with  - 10, 
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The  parameter  L„  is  given  by  Eq  (7-58).  It  depends  on  the  pulse  energy  pel 
bit  period  (y)  and  on  the  excess  noise  coefficient  v of  the  avalanche  process  Fori 
gaussian  input  pulse,  y.  in  turn,  depends  on  the  parameter  a in  Eq  (7-63)  Tht 
relation  between  y and  a is  found  front  Fqs  (7-37)  and  (7-63) 


where  the  error  function  erf(.r)  is  defined  in  Eq  (7-24).  The  relationship  between y 
and  u given  by  Eq.  (7-76)  is  shown  in  Fig.  7-14. 

We  arc  now  finally  ready  to  evaluate  Eq  (7-62)  Choosing  v - 0 3.  which  u 
characteristic  of  silicon  avalanche  photodiodes.  Eq  (7-75)  yields  = 2.38  Fot 
InGaAs  we  have  v - 0.7  and  L,  = 2.620  What  wc  wish  to  plot  is  the  penalty  in 
minimum  received  power  AP  (required  for  a certain  bit-error  rate)  as  a function 
of  the  fraction  of  pulse  energy  I - y that  has  spread  outside  of  the  bit  period  TV 
For  a given  value  of  y wc  read  the  corresponding  value  of  L„  from  Fig  7-10.  To 
find  />  and  /}„.  wc  first  find  the  value  of  a corresponding  to  y from  Fig  7-14.  and 
then  wc  find  the  values  of  />  and  l\„  corresponding  to  this  value  of  a front  Fig, 
7-13.  Substituting  all  Ihesc  values  into  Eq  (7-62)  lor  various  values  of  yarn!  letting 
v = 0.3  for  Si  and  0.7  for  InGaAs,  we  obtain  the  results  shown  in  Fig  7-15. 

The  effect  of  inlcrsymbol  interference  (or  bandwidth  limitation)  on  the 
receiver  power  penalty  is  readily  deduced  from  Fig.  7-15.  As  the  fraction  o< 
pulse  energy  outside  the  bit  penod  increases,  there  is  a steep  rise  in  the  power 
penalty  curve  This  curve  gives  a clear  implication  as  to  the  effecls  of  attempting 
to  operate  an  optical  fiber  system  at  such  high  data  rates  that  bandwidth  limita- 
tions arise  Inlcrsymbol  interference  becomes  more  pronounced  at  higher  data 
rates,  since  the  individual  data  pulses  start  to  overlap  significantly  as  the  data  rate 
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FK.t  Rt  7-15 

n of  lit)  (7-62)  ihitt  show  the  penally  in  minimum  received  optical  power  (receiver  icnsitjvity) 
irmng  from  pulse  spreading  outside  of  the  bit  period  for  gnutsuin  received  puitet 


Approaches  the  system  bandwidth  limit  Since  the  receiver  power  penalty  increases 
rapidly  for  larger  pulse  overlaps,  operating  a fiber  optic  system  much  beyond  its 
bandwidth  is  generally  not  worthwhile,  even  though  it  may  he  possible  to  correct 
for  inlcrsymbol  interference  through  the  use  of  an  equalization  circuit. 


7J.5  Nonzero  Extinction  Ratio* 

In  the  previous  section  wc  assumed  that  there  is  no  optical  power  incident  on  the 
photodetector  during  a 0 pulse,  so  that  hnfT  = 0 In  actual  systems,  the  light  source 
may  be  biased  slightly  on  at  all  times  in  order  to  obtain  a shorter  light  source  turn- 
on time  (sec  Sec  4.3.7),  Thus,  some  optical  power  is  also  emitted  during  a 0 pulse 
This  is  of  particular  importance  for  laser  diodes,  since  it  is  generally  desirable  to 
bias  them  on  to  just  below  the  lasing  threshold  This  means  that  during  a zero 
pulse  the  laser  acts  like  an  LED  and  can  launch  a significant  amount  of  optical 
power  into  a fiber 
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I he  ratio  t of  the  optical  energy  emitted  in  the  <»  pulse  state  to  that  emitted 
during  a I pulse  is  called  the  extinction  ratio: 


f 


(7-77) 


flic  extinction  ratio  as  defined  here  thus  vanes  between  0 and  I.  Note:  Equation 
(7-77)  is  not  a universal  definition  for  the  extinction  ratio.  In  many  cases  in  the 
literature,  the  reciprocal  of  Eq.  (7-77)  is  used,  that  is.  the  extinction  ratio  is  also 
defined  as  />.,„/ In  thut  case,  the  extinction  ratio  ranges  between  I and  ec. 
Thus,  when  looking  at  the  literature,  the  reader  can  easily  see  which  definition  is 
being  used  A receiver  performance  calculation'7  identical  to  that  of  Sec  7 V4  can 
be  carried  out  for  a nonzero  extinction  ratio  simply  by  using  />„n  from  Eq  (7-77) 
and  by  replacing  y by  y‘  - y(  1 - <)  in  Eq  (7-3b).  With  these  replacements,  Eq. 
(7-53)  yields 


/’mil  I 


(7-7g) 


Analogous  to  the  derivation  of  Fq  (7-57),  we  differentiate  Eq.  (7-78)  for  h,, 
with  respect  to  M to  find  the  minimum  energy  mm(f ) per  pulse  required  at  the 
optimum  gain  \/op,.  which  results  in 

i ...  / | v(2+jI/(I+j) 


whctc 


:+« 


with 


1/2 


(7-80) 


(7-81) 


II  a data  stream  has  an  equal  probability  of  I and  0 pulses,  then  the  mini- 
mum  received  power  lor  the  receiver  sensitivity).  is  given  by  the  average 

energy  detected  per  pulse  multiplied  by  the  pulse  rate  \/Th. 
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(7-82) 


where  the  last  equably  was  obtained  by  using  Fq.  (7-77).  The  extinction  ratio 
penalty  (i.e..  the  penalty  in  receiver  sensitivity  as  a function  of  the  extinction  ratio) 
is 
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ISo&of  E<j  (7-83)  thiil  five  the  penalty  in  receive!  vcniiliviu  a»  a function  of  the  ntinclion  ratio  » for 
y = IjO  and  x = 0.3  (Si)  and  0,7  (IntiaAv) 
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Both  /.  ami  L urc  given  by  Fig.  7-10  on  using  y und  y‘,  respectively,  for  the 
abscissa.  Plots  of  Eq  (7-83)  in  the  form  1 0 log  it* ) are  given  in  Fig  7-16  for 
a = 0.3  (Si)  und  .v  = 0.7  (InGaAs)  in  the  special  ease  where  y - 1.0. 


7.4  PREAMPLIFIER  TYPES* 

Having  examined  the  performance  characteristics  of  a general  class  of  receivers, 
we  now  turn  our  attention  to  some  specific  types  of  receiver  preamplifiers.  Since 
the  sensitivity  and  bandwidth  of  a receiver  are  dominated  by  the  noise  sources  al 
the  front  end  (the  preamplifier  stage),  the  major  emphasis  in  the  literature  has 
been  on  the  design  of  a low-noise  preamplifier  The  goals  generally  are  to  max- 
imize the  receiver  sensitivity  while  maintaining  a suitable  bandwidth 

Preamplifiers  used  in  optical  fiber  communication  receivers  cun  be  classified 
into  three  broad  categories  These  categories  arc  not  actually  distinct,  since  a 
continuum  of  intermediate  designs  are  possible,  but  they  serve  to  illustrate  the 
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design  approaches  The  three  categories  encompass  the  low-impedancc.  the  high- 
impedance,  and  the  transimpcdance  preamplifiers. 

The  laW'tmpedaace  ( LZ ) preamplifier  is  the  most  straightforward,  but  not 
necessarily  the  optimum  preamplifier  design  In  this  design,  a photodiode  oper- 
ates into  a low-impedance  amplifier  (e.g  . 50  ft).  Here,  a bias  or  load  resistor  /?„ » 
used  to  mutch  the  amplifier  impedance  (to  suppress  standing  waves  for  uniform 
frequency  response)  The  value  of  the  bias  resistor,  in  conjunction  with  the  ampli- 
fier input  capacitance,  is  such  that  the  preamplifier  bandwidth  is  equal  to  or 
greater  than  the  signal  bandwidth  Although  low-impedancc  preamplifiers  can 
operate  over  a wide  bandwidth,  they  do  not  provide  a high  receiver  sensitivity, 
because  only  a small  signal  voltage  can  be  developed  across  the  amplifier  input 
impcdunce  and  the  resistor  Rf,,  This  limits  their  use  to  special  short-disunce 
applications  where  high  sensitivity  is  not  a major  concern. 

In  the  high-impedtmee  (HZ)  preamplifier  design  shown  in  Fig  7-4,  the  goal » 
lo  reduce  ull  sources  of  noise  to  the  absolute  minimum.  This  is  accomplished  by 
reducing  the  input  capacitance  through  the  selection  of  low -capacitance  high- 
frequency  devices,  by  selecting  a detector  with  low  dark  currents,  and  by  mini- 
mining  the  thermal  noise  contributed  by  the  biasing  resistors.  The  thermal  noise 
can  be  reduced  hy  using  a high-impcdancc  amplifier  (e  g.,  a bipolar  transistor  ora 
field-cllcct  transistor  (FFT)]  together  with  a large  photodctcctor  bias  resistor  /!». 
which  is  why  this  design  is  referred  to  as  a high-impcdancc  preamplifier  Since  ihc 
high  impedance  produces  a large  input  RC  lime  constant,  the  front-end  band- 
width is  less  than  the  signal  bandwidth  Thus,  the  input  signal  is  integrated,  and 
equalization  techniques  must  be  employed  to  compensate  for  this 

The  trm.umptdance  preamplifier  design  largely  overcomes  the  drawbacks  of 
the  high-impcdancc  preamplifier  This  is  done  by  utilizing  a low-noise  high-impe- 
duncc  amplifier  with  a negative-feedback  resistor  Rf  with  an  equivalent  ihemul 
noise  current  />(()  shunting  the  input  as  shown  in  Fig  7-17  The  amplifier  Hasan 
input  equivalent  senes  voltage  noise  source  i„(/).  an  equivalent  shunt  current 
noise  and  an  input  impedance  given  hy  the  parallel  combination  of  /?„ 
and 


FIGURE  7-17 

An  njuivaUmi  circuit  of  a ininnmpcndancc  receiver  design  l Reproduced  with  permruMHi  fro* 
Pmomck,  Rhoden.  Huiwm.  and  Own.  Proe.  IEEE,  vol  M,  p lino.  (M  I MO,  * I MO.  IEEL) 
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What  wc  are  interested  in  here  is  to  evaluate  the  noise  current  given  by  Eq. 
(7-45)  for  different  amplifier  designs.  To  this  end,  we  shall  examine  only  the 
parameter  W of  Eq  (7-46)  This  is  a very  useful  figure  of  merit  for  a receiver, 
linoe  it  measures  the  noisiness  of  the  amplifier.  From  Eq  (7-46)  it  can  be  seen  that 
the  noise  ii  minimized  if  the  amplifier  and  bias  resistances,  and  /?/,.  respec- 
tively. arc  large;  the  total  capacitance  C at  the  amplifier  input  is  small;  and  the 
noise  current  and  voltage  spectral  heights,  S/  and  Sg,  respectively,  are  small  In 
general,  these  parameters  urc  not  independent,  so  that  tradeoffs  have  to  be  made 
among  them  to  minimize  the  noise  In  addition,  the  freedom  of  the  designer  to 
optimize  ihc  device  parameters  is  often  restricted  by  the  limited  variety  of  com- 
ponents available  Wc  shall  examine  several  high-impedanee  and  trunsimpcdance 
amplifier  configurations  to  illustrate  some  of  the  design  considerations  that  must 
be  taken  into  account. 

7.4.1  High- Impedance  FET  Amplifiers* 

A number  of  different  FETs  (field-effect  transistors)  can  be  used  for  front-end 
receiver  designs  11  H For  gigabit-pcr-sccond  data  rates,  for  example,  the 

lowest-noisc  receivers  arc  made  using  GaAs  MESFET  (mclal  semiconductor 
fwld-effcct  transistor)  preamplifiers.  At  lower  frequencies,  silicon  MOSFETs 
(metal-oxide  semiconductor  ficld-cffcct  transistors)  or  JFETs  (junction  field-effect 
transistors)  arc  generally  used.  The  circuit  of  a simple  FET  amplifier  is  shown  in 
Fig  7-18.  Typical  FETs  have  very  large  input  resistances  Ra  (usually  greater  than 
10"  Q).  so.  for  practical  purposes  R„  = oo.  The  total  resistance  R given  by  Eq 
(7-10)  then  reduces  to  the  value  of  (he  detector  bias  resistor  R>, 

The  principal  noise  sources  arc  thermal  noise  associated  with  the  FET 
channel  conductance,  thermal  noise  from  the  load  or  feedback  resistor,  and 
ihot  noise  arising  from  gate-leakage  current.  A fourth  noise  source  is  FET  I// 
noise  Tins  was  not  included  in  the  above  analyses  because  it  contributes  to  the 
overall  noise  only  at  very  low  hit  rates11  (see  Prob.  7-26).  Since  the  amplifier  inpul 
resistance  is  very  large,  the  input  current  noise  spectral  density  Si  is 
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where  /(HW  is  the  gale-leakage  current  or  the  FF.T  In  an  FET  the  thermal  noise  of 
the  con  due  ting -channel  resistance  is  characterized  by  the  transconductaoce  gm. 
The  voltage  noise  spectral  density  is,: 


St  = 


4*«7T 
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(7-85) 


w here  the  FET  channel-noise  factor  P is  a numerical  constant  that  accounts  for 
thermal  muse  and  gate-induced  noise  plus  the  correlation  between  these  two 
noises  The  thermal  noise  characteristics  W [Eq  (7-4h)J  at  the  equalizer  output 
is  then 
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Some  typical  values  of  the  various  parameters  for  GaAs  MF.SFF.Ts,  Si 
MOSFETs.  and  Si  JFETs  are  given  in  Table  7-2.  Here.  C,,  and  Cpt  are  the 
FET  gate-source  and  gate-dram  capacitances,  respectively.  For  a typical  FET 
and  a good  photodiode,  we  can  expect  values  of  C=fa  + G + C„+ 
C,a  ~ 10 pF  The  l//-noise  corner  frequency  f,  is  defined  as  the  frequency  «t 
which  l//  noise,  which  dominates  the  FET  noise  at  low  frequencies  and  lias* 
I//  power  spectrum,  becomes  equal  to  the  high-frequency  channel  noise  desenbod 
by  T. 

To  minimize  the  noise  in  a high-impcdancc  design,  the  bias  resistor  should 
be  very  large.  The  effect  of  this  is  that  the  detector  output  signal  is  integrated  by 
the  amplifier  input  resistance  We  can  compensate  for  this  by  differentiation  in  the 
equalizing  filler  This  integration  differentiation  approach  is  known  as  the  high- 
impedance  amplifier  design  technique  It  yields  low  noise,  but  also  results  in  a lo» 
dynamic  range  (the  range  of  signal  levels  that  can  be  processed  with  high  quality) 
An  alternative  method  to  deal  with  this  is  described  in  Sec  7 4.3. 


I ABLE  7-1  

Typical  values  of  various  parameters  for  GaAs  MESFETs,  Si  MOSFETs,  anil  SI 
JFETs 
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I As  the  signal  frequency  reaches  values  of  about  25  50  MHz.  the  gain  of  a 
ttbeon  FET  approaches  unity  Much  higher  frequencies  (4  Gb/s  und  above)  can 
te  achieved  with  either  a GaAs  MESFET  or  a silicon  bipolar  transistor  ' ' 


7.4.2  High-Impedance  Bipolar  Transistor 
Amplifiers* 

Tlic  circuit  of  a simple  bipolar  grounded-emitter  transistor  amplifier  is  shown  in 
Fir  7 -19.  The  input  resistance  of  u bipolar  transistor  is  given  by3iW 

*10=^  (7-87) 

where  igg  is  the  base  bias  current  For  a bipolar  transistor  amplifier  the  input 
resistance  R„  is  given  by  the  parallel  combination  of  the  bias  resistors  R\  and  R: 
ud  the  transistor  input  resistance  For  a low-notse  design.  R,  and  R:  are 
chosen  to  he  much  greater  than  /f,„.  so  that  Ru  R,„  Thus,  in  contrast  to  the 
FFT  amplifier.  Ra  for  a transistor  amplifier  is  adjustable  by  the  designer. 

fhe  spectral  density  (in  A*/Hz)  of  the  input  noise  current  source  results 
from  the  shot  noise  of  the  base  current:11 34 


S,  = lqlBa  = (7-88) 

"in 

where  the  last  equality  comes  from  Eq  t7-87).  The  spectral  height  (in  V:/Hz)  of 
the  noise  voltage  source  is12-M 


2k*T 


Km 


(7-89) 


Here,  the  transcend uctancc  is  related  to  the  shot  noise  by  virtue  of  the  col- 

lector current  I, 
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where  Eq.  (7-87)  hus  been  used  in  the  last  equality  to  express  Km  in  terras  of  the 
current  Rain  p = lr/lnn  and  the  input  resistance  /f,„ 

Substituting  Eqs.  (7-87)  through  (7-89)  into  Eq  (7-46).  we  have 
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The  contribution  C,  to  C from  the  bipolar  transistor  is  a few  picofarads.  If  the 
photodetcctor  bius  resistor  /?*  is  much  largei  than  the  amplifier  resistance  Rt. 
then,  from  Eq  (7-10).  K i /?u  /?i„.  so  that 
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As  in  the  case  with  a high- impedance  FET  preamplifier,  the  impedance 
loading  the  photodetcctor  integrates  the  detector  output  signal  Again,  to  com- 
pensate for  this,  the  amplified  signal  is  differentiated  in  the  equalizing  filter 


7.4.3  Transimpedanee  Amplifier* 

Although  a high-impedance  design  produces  the  lowest-noise  amplifier,  it  has  two 
limitations;  (a)  for  broadband  applications,  equalization  is  required;  and  (b)  it 
hus  a limited  dynamic  range.  An  alternative  design  is  the  transimpedanct 
amplifier1"1  shown  in  Fig  7-17.  This  is  basically  a high-gain  high-impcdance 
amplifier  with  feedback  provided  to  the  amplifier  input  through  the  feedback 
resistor  R,  This  design  yields  both  low  noise  and  a large  dynamic  range 

To  compare  the  nonfeedback  and  the  feedback  designs,  we  make  the  restric- 
tion that  both  have  the  same  transfer  function  H0a\ (/)///,(/).  For  the  transtm- 
pedance  amplifier  the  thermal  noise  characteristic  I Vjz  a*  die  equalizer  output  is 
therefore  simply  found  by  replacing  Ri.  in  Eq  (7-46)  with  /?*.  where1' 
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is  the  parallel  combination  of  R*  and  R, , Thus,  from  Eq  (7-46). 

w n(  4*,7\  Sz  \ (2nO: 
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where,  from  Eq.  (7-10). 

Ill  III 

R ~ R + Rt  Ra^  Rt,  + Rf 

(7-9? 

In  practice,  the  feedback  resistance  R,  is  much  greater  than 
input  resistance  R„  Consequently,  R'  "z  R in  Eq.  (7-95),  so  that 

the  amplifici 
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where  WH/  ts  the  high-impcdancc  amplifier  noise  characteristic  given  by  cither 
Eq.  (7-86)  for  FET  designs  or  by  Eq.  (7-92)  for  the  bipolar  transistor  case  The 
thermal  noise  of  the  transimpedance  amplifier  is  thus  modeled  as  the  sum  of  the 
output  noise  of  a nonfeedback  amplifier  plus  the  thermal  noise  associated  with  the 
feedback  resistance.  In  practice,  the  noise  considerations  tend  to  be  more 
involved,  since  R,  has  an  effect  on  the  frequency  response  of  the  amplifier 
More  details  are  given  by  Smith  and  Pcrsonick 

We  now  compare  the  bandwidths  of  the  two  designs.  From  Eq.  (7-9).  the 
transfer  function  of  the  nonfeedback  amplifier  is  (in  V/A) 
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where  R and  C are  given  by  Eqs.  (7-10)  and  (7-11).  respectively,  and  A is  the 
frequency -independent  gain  of  the  amplifier.  Using  Eq.  (E-10).  this  yields  a band- 
width of  |4/?0_I.  For  the  transtmpcdance  amplifier  the  transfer  function  //?/( f) 
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which  yields  a bandwidth  of 
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which  is  A times  dial  of  the  high-impcdancc  design  This  makes  the  equalization 
task  simpler  in  the  feedback  amplifier  case- 
in summary,  the  benefits  of  a transimpedance  amplifier  are  as  follows: 


1.  It  has  a wide  dynamic  range  compared  with  the  high-impcdancc  amplifier 

2.  Usually.  little  or  no  equalization  is  required  because  the  combination  of  /?,„ 
and  the  feedback  resistor  R,  is  very  small,  which  means  the  lime  constant  of 
the  detector  is  also  small. 

3.  The  output  resistance  is  small,  so  that  the  amplifier  is  less  susceptible  to 
pickup  noise,  crosstalk,  electromagnetic  interference  (F.M1).  etc 

4.  The  transfer  characteristic  of  the  amplifier  is  actually  us  transimpedancc. 
which  is  the  feedback  resistor  Therefore,  the  transimpedancc  amplifier  is 
very  easily  controlled  and  stable 

5.  Although  the  transimpedancc  amplifier  is  less  sensitive  than  the  high- 
impedance  amplifier  (since  \Vr/  > W,u),  this  difference  is  usually  only 
about  2 3dB  for  most  practical  wideband  designs. 


7.4.4  High-Speed  Circuits 

Improvements  in  component  performance,  cost,  and  reliability  have  led  to  major 
applications  of  fiber  optic  technology  for  long-distance  earners,  local  telephone 
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services,  and  local  area  networks.  To  utilize  the  wide  bandwidth  available,  there 
has  heen  an  increased  implementation  of  high-speed  systems  for  both  digital  and 
analog  links  **'*'  Along  with  this  has  come  the  miniaturization  of  transmitters 
and  receivers  into  integrated  circuit  formats  Many  different  types  of  receivers 
with  operating  speeds  up  to  multigigahertz  rates  are  thus  commercially  available 
from  a wide  variety  of  vendors 


7.5  ANALOG  RECEIVERS 

In  addition  to  the  wide  usage  of  fiber  optics  for  the  transmission  of  digital  signals, 
there  .ire  many  potential  applications  for  analog  links  These  range  from  indivi- 
dual 4-kHz  voice  channels  to  microwave  finks  operating  in  the  multigigahertz 
region. VM0  In  the  previous  sections  we  discussed  digital  receiver  performance  m 
terms  of  error  probability.  For  an  analog  receiver,  the  performance  fidelity  ii 
measured  in  terms  of  a signal-to-noLte  ratio  This  is  defined  as  the  ratio  of  the 
mean-square  signal  current  to  the  mean-square  noise  current 

The  simplest  analog  technique  is  to  use  amplitude  modulation  of  the 
source  * In  this  scheme,  the  time-varying  electric  signal  dr)  is  used  to  modulate 
directly  an  optical  source  about  some  bias  point  defined  by  the  bius  current  /*. « 
shown  in  Fig.  7-20.  The  transmuted  optical  power  /*( r)  ts  thus  of  the  form 

Pit)  = /*,II  +rm(r)]  (7-100) 

where  P,  is  ihe  average  transmitted  optical  power.  r(f)  is  the  analog  modulation 
signal,  and  m is  the  modulation  index  defined  by  (see  See  4.4) 


Mere.  A / is  the  variation  in  current  about  the  bias  point.  In  order  not  to  introduce 
distortion  into  the  optical  signal,  the  modulation  must  be  confined  to  the  linear 


net  m 7-» 

Direct  analog  modulation  of  an  LED 
ton  roe 


HU  mi  H * «n 


region  of  the  light  source  output  curve  shown  in  Hu  7*20  Ms**,  if  A / In,  the 

looser  portion  ol  the  signal  get*  cut  oil  and  -cvere  distortion  results, 

\t  the  receiver  end.  the  photocurreni  generated  hv  tile  analog  optical  signal 


l,\l)  ~ a-  im(M| 


— lfM\  | + »«*/)]  ( 7- 102 1 

where  <i,  iv  the  detector  responds  itity.  /'.  is  the  average  received  opth.nl  power. 
/,  - iu!‘.  i*  the  primary  pin  >Uk  uncut.  uml  \t  is  the  phi*iodcuxloi  gam  II  vim  is 
a sinusoidally  modulated  signal,  then  the  mean-square  signals  intent  at  the  photo- 
drteetoT  output  is  (ignoring  a dc  term) 

- U luAfiitPA*  - |7-|*»A> 


Recalling  from  Hq.  tt*-IXt  that  the  mean-square  noise  cutrcttt  for  a 
ph'  iodtiule  leceivcr  is  the  sum  « il  the  ntcan-squate  quantum  noise  cuncnl  the 
equnaleni -resistance  thermal  noise  curreni.  the  dart  noise  ciiircnl  and  the 
surface- leak  age  none  current,  we  have 

<;v:  2,/l/(,  -C  \hH  I TxiUB  . Ak~-°  F,  i7-1<»4> 


where  lr 

h 

F\  St  i 
H 

F, 


prinmn  lunmuluplied)  pholocurreni  - * ,f‘. 
primary  hulk  dark  current 
surface  leakage  current 

- ewers  photodiode  noicc  factor  Witt  s It 
= clTcclive  noise  bandwidth 

= equivalent  resistance  of  photodclcctor  load  and  amplifier 
= noise  figure  of  the  buccKtnd  amplifier 


Bs  a suitable  choice  of  ihc  pholodc  lector.  the  leakage  current  can  be 
rendered  negligible  With  this  assumption,  ihc  signal- lo-muse  rutio  \ N is 

,v  ( UgAtniPtf 

S ~ til i :./•  <u\  * i,mVf\m\h  • iv.*fii  a >i 
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i/t/.  • l„\M  F{  \I)B  * (4 k«/»  U ,| I, 


«7-M»5> 


fora  pin  photodiode  we  base  M I \\hcn  Ihc  optical  power  incident  «>n  Ihc 
photodiode  is  small,  ihc  circuit  noise  term  dominates  the  noise  current,  so  that 


V“|4A nlB/R", iF,  ' l4A,,7fi  //,if 


1 7- 1 1 K*  > 


Here,  the  signal -to-noisc  ratio  is  directly  proportional  to  the  square  of  Ihc  photo- 
diode output  cut  tent  and  Inversely  proportional  to  Hie  ilieriitul  noise  of  ihc 
circuil 
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l-nr  large  optical  signals  incident  on  * pin  photodiode,  the  quantum  none 
associated  with  the  signal  detection  process  dominates,  so  that 


S nr  l nr  <,)/*. 
A Ai/B  At/B 


i7-nm 


Since  the  signal-to-noisc  rutin  in  this  ease  is  independent  of  the  circuit  nnisc,  it 
represents  the  fundamental  or  quantum  limit  lor  analog  receiver  sensitivity 

When  an  avalanche  photodiode  is  employed  at  low  signal  levels  and  with 
low  values  of  gam  M , the  circuit  noise  term  dominates  At  a fixed  tow  signal  level, 
as  the  gain  is  increased  Irom  a low  value,  the  signul-to-musc  ratio  increases  with 
cam  until  the  quantum  noise  term  becomes  comparable  to  the  circuit  noise  |enn 
As  the  gain  is  increased  further  beyond  this  point  the  signai-to-noise  rulw 
Urrmut’t  as  hM)  1 Thus.  lor  a given  set  of  operating  conditions  there  exists 
an  optimum  value  of  the  avalanche  gain  for  winch  the  wgiial-to-nmse  ratio  is a 
maximum  Since  an  uvulanchc  photodiode  increases  the  Mgnal-to-noisc  rutto  for 
small  optical  signal  levels,  it  is  the  preferred  photodctectot  for  this  situation 

f or  very  large  optical  signal  levels,  the  quantum  noise  term  dominates  the 
receiver  iioim.  In  this  case,  an  avalanche  photodiode  serves  no  advantage  once 
the  detector  noise  increases  more  rapidly  with  increasing  gain  Al  than  the  opal 
level  fins  is  shown  in  hg  '-21.  where  we  compare  the  signal-to-noisc  rutin  fora 
pm  and  an  avalanche  photodiode  receiver  as  u function  of  I he  received  optical 
power  The  signal-to-noise  ratio  for  the  avalanche  photodetector  is  at  the  opti- 
mum gain  (sec  Probs  2S  and  7-2lJ)  flic  parameter  values  chosen  lor  thn 
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Comparison  of  ihr  uxnai-to-BOi* 
ratio  I or  ftn  .mil  BvaUltchs  pholo- 
OiikI:.  imi  function  ol  innsciJ  opir 

till  power  for  bandwidth*  of  5 oikJ 
2i  MH/ 
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example  ate  R - 5 MHz.  anJ  25  MHz.  v =0.5  lor  the  avalanche  photodiode  and 
0 for  the  pm  diode,  m — HO  pcrtctti  —0.5  A W.  and  R^/F,  - 10*12  We  sec 
that  for  low  signal  levels  an  avalanche  photodiode  yields  a higher  signal-Uv-noise 
ratio,  whereas  at  large  received  optical  power  levels  a pm  photodiiKie  gives  better 
performance. 


PROBLEMS 


7*1.  In  avalanche  photodiodes  the  ionization  ratio  A iv  upprotimiltely  0.02  fur  silicon 
0 35  for  indium  gallium  arsenide,  and  I I)  for  germanium.  Show  thai,  for  gains  up 
lo  100  in  Si  and  up  u>  25  id  InOaAs  and  Cic  the  excess  none  fuctor  ft  U ) can  be 
approximated  to  within  10  pcruenl  hy  \f  where  * i.  ft.  1 lor  Si.  0~  for  Infra  As 
and  I 0 for  tic 

7-2  find  the  Fourier  transform  h#i  n of  tile  hj,»»  circuit  transfer  function  //«(/» given  h> 
Ftp  t7-0| 

'-.V  SSiow  t ft ,s l the  fallowing  pulse  shapes  ativly  the  normalization  Cttiulition 


hfilUll  - I 


(m  Rectangular  pulse  lo  - constant) 

4-  r«  ~ 

ah 

ft  otherwise 


tyr|  = 

*hl  Gaussian  pulse 

(el  Exponential  pulse 


< l c "4* 


V'i  = 


for  0 < r < <x 


I ft  otherwise 

7-t.  The  mathematical  operation  of  convolving  two  real- valued  functions  of  the  some 
variable  is  defined  as 


/*t/» • s/ tn - pt»nh»  - *)<fv 

) i 

ifiUpit  ■ V)  d\ 

where  • denotes  convolution  II  f\/ 1 and  {Ht  I are  the  Former  transforms  of  pi /I 
and  q(n.  respevtivety.  show  that 

That  n.  ihc  convolution  of  two  signals  m the  tunc  domain  corresponds  to  the 
multiplication  of  then  Fourier  transform*  in  (lie  frequently  domain 
7-5.  Derive  Eq  (7.-25)  from  t:q  (7- 1 hi 
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7-6.  A transmission  system  sends  out  information  at  ittO.OOt)  b s.  During  the  transmis- 
sion process,  fluctuation  noise  is  added  to  the  signal  so  that  at  the  decoder  output 
the  signul  pulses  are  I V in  amplitude  and  the  rtn*  noise  voltage  is  0.2  V 
<u)  Assuming  that  ones  and  zeros  are  equally  likely  to  be  transmitted,  what  n the 
average  lime  in  which  an  error  occurs? 

t/>)  How  is  this  tune  chungcd  if  the  voltage  amplitude  is  doubled  with  the  rms  mate 
voltage  remaining  the  same' 

7-7.  Consider  the  probability  distributions  shown  in  Eig.  7-5.  where  the  signal  soilage 
for  a binary  I is  F|  and  «>u,  - l',/2 

(u)  If  n - 0-203'i  for  /if.r|0)  and  a - 0.24  )'|  for  p(y[U.  find  the  error  probabilities 
/’Mt'Ui)  and  /*i ( iHk. »• 

(ft)  If  u = 0.65  and  ft  = 0.35.  find  P,. 

(e)  If  u«  6=0.5.  find/*, 

7-8.  An  LED  operating  at  1300  nm  injocis  25  qW  of  optical  power  into  a fiber  If  the 
attenuation  between  the  LED  and  the  photodrtector  is  40  dR  and  the  photodetec- 
lor  quantum  ctTicicncy  is  0.65.  what  is  the  probability  that  fewer  than  5 electron 
hole  pairs  will  he  generated  at  the  detector  in  a I -ns  interval? 

7-9.  Derive  the  expression  lor  the  mean-square  noise  soltagr  at  the  equalizer  output 
given  hy  Eq  (7-28) 

7-10.  (a)  Shows  that  Eqs  (7-30i  and  (7-33|  can  be  rewritten  as  F.qs  (7-41  ( and  (7-U| 
(ft)  Show  that  Eq.  (7-28)  can  he  rewritten  as  Eq  (7-45) 

7-11.  Show  that,  by  using  Eq  (7-50).  the  error-prohability  expressions  given  by  Eq 
(7-49)  both  reduce  to  Eq.  (7-51). 

7-12.  A useful  approximation  to  $(l  -erf.r)  for  values  of  t greater  than  3 is  given  by 

4>,  I 

l Mng  this  approximation,  consider  an  on-off  binary  system  that  transmits  the 
signal  levels  0 and  A with  equal  probability  in  the  presence  or  gaussian  none 
Let  the  signal  amplitude  1 be  A multiplied  by  the  standard  deviation  of  the  none. 
(<i)  Calculate  the  net  probability  of  error  if  K - 10. 

(ft)  Find  the  value  of  A required  to  give  a net  error  probability  of  10  *. 

7-13.  Derive  Eq.  (7-55)  by  differentiating  both  sides  of  Eq.  (7-54)  wilh  respect  to  SI  snd 
setting  dbun/d\t  = 0 

7-14.  Verify  the  expression  given  by  Eq  (7-57)  for  the  minimum  energy  per  pulse  needed 
to  achieve  a bit-error  rate  characterized  by  Q. 

7-15.  Show  that,  when  there  is  no  intersymbol  interference  (y=  I),  the  optimum 
avalanche  gain  given  by  Eq  (7-59)  reduces  to  Eq  (7-60) 

7-16.  Derive  Eq  (7-70)  for  h and  Eq  (7-72)  for  /i  (impulse  input  and  raised-cow* 
output). 

7-17.  Verify  the  expressions  given  by  Eqs.  (7-73)  and  (7-74)  for  /;  and  />,  respectively,  lor 
a gaussian  input  pulse  and  a raised  -cosine  output 

7-18.  Plot  /j  versus  a for  a gaussian  input  pulse  for  values  of  = 0.1.  0.5.  and  10, 

7-19.  Plot  / 1 versus  a for  a gaussian  input  pulse  for  values  of  fi  = 0.1.  0.5.  and  1 0 

7-20.  Derive  Eq.  (7-75). 
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7-21.  Compare  the  value*  or  i<c)  in  Eq  (7-83)  (in  decibel*  Tor  10- percent  extinction  ratio 
(«  = 0. 10)  when  (a)  y = 0.90,  .*  = 0.5.  (b)  y = 0.90.  t = I 0 
7-22.  (a)  Plot  the  value*  of  the  thermal  noise  characteristic  W for  a high-impcdancc  I I T 
amplifier  for  data  rates  1/7*  ringing  from  I to  50  Mb*  lari  I tint  K. 
Vm  = 0 005  S.  = I05  O.  C = 10  pF.  and  y =0.90  Use  Pig.  7-13  to  find  h 
and  It  Recall  that  I;  and  It  depend  on  a,  which,  in  tuni,  depend*  on  y 
(b)  Plot  the  value*  of  It'  for  a high-impedance  bipolar  transistor  preamplifier  for 
data  rate*  ranging  from  20  to  100  Mb  s Let  T — 300  K.  ft  - 100.  = 5nA. 

C = 10  pF.  and  y - 0.90. 

7-23.  1’hc  receiver  sensitivity  u given  by  the  average  energy  ho#  detected  per  pulse 
multiplied  by  the  pulse  rate  1/7*  (if  b„n  = 0) 


Find  the  sensitivity  in  dBm  (see  App  D)  of  an  avalanche  photodiode  receiver  with 
an  FET  preamplifier  at  a 10-Mh  s data  rate  Let  the  required  hit-error  rale  he  10*’ 
and  take  T = 300  K.  * = O S.  y = 0.9.  rj<//bi  - 0 7 A W (the  detector  responsivityl, 
b = 0 005  S.  K>  = |0»  fl.  and  C = 10  pF 

7-24.  If  a trnnsimpcduncc  amplifier  has  a feedback  resistance  of  5000  0.  by  how  much 
doe*  ILr/  dilTcr  from  lfw  at  a 10-Mb  * data  rate?  A.**umc  y = 0.9  and  T = 300 
K,  Compared  with  a lugh-iinpcdance  amplifier,  what  t*  the  decrease  in  receiver 
sensitivity  (in  dBl  for  this  Iransimpcdancc  amplifier  at  10  Mb  s if  \ =0.5  and 
» „/  = I k II)6? 

7-25.  (u)  To  calculate  the  receiver  sensitivity  P,  as  a function  of  gam  \l,  we  need  to  solve 
Eq  (7-54)  for  b,m  Show  that,  for  y = 1 .0  and  b„n  = 0.  this  lsccomcs 


2QHrir3\ 

M ) 


(b)  Consider  a receiver  operating  at  50  Mh/s  Let  the  receiver  have  an  avalanche 
photodiode  with  * =0.5  and  a bipolar  transistor  front  end  (preamplifier) 
Assume  W = 2 » Ilf  Q — h for  a 10  " hit-error  rale.  /.>  = I 08.  and 
W/ht  =0  7 A W Using  the  foregoing  expression  for  b,w.  plot  P,  = in 

dBm  as  a function  of  gam  M for  values  of  M ranging  from  30  to  120 
7-26.  For  Mf  noise  the  noise  currcni  Uj)  is  given  by 
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Parumrtfi 

Value 

FET  giue  leakage  /„B 

50  nA 

Transconductancc  g„ 

30  mS 

Norse  figure  f 

l.l 

Capualunce  C 

1.3  pF 

\/f  comer  frequency  /, 

20  MHz 

Resistance  Rt  - R 

400  n 

tf 

0 12 

h 

050 

/. 

0.085 

for  a gausisiun  input  pulse  and  a nmed-cosinc  output 

(ft)  For  a GnAt  FET  at  20'  C.  compurc  the  values  of  (rK).  (if),  and  (if)  for  tot  rutei 
B ranging  from  SO  Mb/s  to  S Gb/s  Letting  the  amplifier  gain  A = I.  use  the 
performance  parameter  values  in  Table  P7-26, 

7*27.  Using  Eq.  (E-10)  for  the  bandwidth  definition,  show  that  the  bandwidth*  of  the 
transfer  functions  given  by  Eqs.  (7-97)  and  (7-98)  are  l/4/?C  and  A/ ARC 
7-28.  Show  that  the  Mgnal-to-noise  ratio  given  by  Eq.  (7-105)  is  a maximum  when  the 
gain  is  optimized  at 

i/1»i  AkgTF./R^ 

‘ ° * */,  + /„)* 


7-29.  (a)  Show  that,  when  the  gam  M is  given  by  the  expression  in  Prob.  7-28.  the  signal- 
to-noise  ratio  given  by  Eq  (7-105)  can  be  written  as 

5 W /;  / R^ 

.V  = 22X2  + *)|*/,  + /„) mjw*  \4A*rf,/ 


(ft)  Show  that,  when  /,  ts  much  larger  than  fn.  the  foregoing  expression  becomes 
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or1 

:s.t(2-i-.x) 
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7-30.  Consider  the  signnl-to-noise  ratio  expression  given  in  Prob  7-29 u Analogous  to 
Figuic  7-21.  plot  5/S  in  dB  (ie.,  IOIog(S/A)|  as  a function  of  the  received  power 
level  P,  in  dBm  when  the  dark  current  //>  = 10  nA  and  x = 1.0  Let  B=  5 MHx. 
m = 0.8.  :*0  = 0.5  A W.  T = 300  K.  and  R^/F,  = Iff4  n.  Recall  that  /,  = 
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The  preceding  chapters  have  presented  the  fundamental  characteristics  of  the 
individual  building  blocks  of  an  optical  fiber  transmission  link.  These  include 
the  optical  fiber  transmission  medium,  the  optical  source,  the  photodctcctor 
and  its  associated  receiver,  and  the  connectors  used  to  join  individual  fiber  cables 
to  each  other  and  to  the  source  and  detector.  Now  we  shall  examine  how  these 
individual  parts  can  be  put  together  to  form  a complete  optical  fiber  transmission 
link.  In  particular,  we  shall  study  basic  digital  links  in  this  chapter,  and  analog 
links  in  Chap.  9.  More  complex  transmission  links  arc  examined  in  Chap  12. 

The  first  discussion  involves  the  simplest  case  of  u point-to-point  link.  This 
will  include  examining  the  components  that  are  available  for  a particular  applica- 
tion and  seeing  how  these  components  relate  to  the  system  performance  criteria 
(such  as  dispersion  and  bit-error  rate)  For  a given  set  of  components  and  a given 
set  of  system  requirements,  we  then  carry  out  a power  budget  analysis  to  deter- 
mine whether  the  fiber  optic  link  meets  the  attenuation  requirements  or  if  ampli- 
fiers are  needed  to  boost  the  power  level.  The  final  step  is  to  perform  a system  risc- 
timc-anulysis  to  verify  that  the  overall  system  performance  requirements  are  met 

Wc  next  turn  our  attention  to  line-coding  schemes  that  are  suitable  for 
digital  data  transmission  over  optical  fibers.  These  coding  schemes  are  used  to 
introduce  randomness  and  redundancy  into  the  digital  information  stream  to 
ensure  efficient  timing  recovery  and  to  facilitate  error  monitoring  at  the  receiver. 


321 


322  dkhtai  transmission  svsii  ms 

To  increase  the  end-to-end  fidelity  of  an  optical  transmission  line,  forward 
error  correction  (FECI  can  be  used  if  the  bit-error  rale  is  limited  by  optical  noise 
and  dispersion  Section  8.3  describes  the  basics  of  FEC. 

As  one  moves  to  higher-speed  (>  400  Mb/s)  single-mode  applications,  a 
variety  of  system  and  component  noise  factors  affect  the  fiber  optic  transmission 
quality  These  include  modal  noise,  mode-partition  noise,  laser  chirping,  and 
reflection  noise,  which  arc  the  topics  of  See  8.4 


H I POINT-TO-POINT  LINKS 

The  simplest  transmission  link  is  a point-to-point  line  that  has  a transmitter  on 
one  end  and  a receiver  on  the  other,  as  is  shown  in  l-'ig  8-1  Tins  type  of  link 
places  the  least  demand  on  optical  fiber  technology  and  thus  sets  the  basis  for 
examining  more  complex  system  architectures.'"* 

The  design  of  an  optical  link  involves  many  interrelated  variables  among  the 
fiber,  source,  and  photodctcctor  operating  characteristics,  so  that  the  uctual  link 
design  and  analysis  may  require  several  iterations  before  they  are  completed 
satisfactorily  Since  performance  and  cost  constraints  arc  very  important  facton 
in  fiber  optic  communication  links,  the  designer  must  carefully  choose  the  com- 
ponents to  ensure  that  the  desired  performance  level  can  be  maintained  over  the 
expected  system  lifetime  without  overspecifying  the  component  characteristics 
The  following  key  system  requirements  are  needed  in  analyzing  u link 

1.  The  desired  (or  possible)  transmission  distance 

2.  The  data  rate  or  channel  handwidth 

3.  The  bit-error  rate  (BER) 

To  fulfill  these  requirements  the  designer  has  a choice  of  the  following 
components  and  their  associated  characteristics; 

I.  Multimode  or  single-mode  optical  fiber 
(a)  Core  size 

(/>)  Core  refractive-index  profile 
(c)  Bandwidth  or  dispersion 
(if)  Attenuation 

(e)  Numerical  aperture  or  mode-field  diameter 


FIGURE  8-1 

Simplex  point-iD-pomi  link 
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1 LED  or  laser  diode  optical  source 

(a)  Emission  wavelength 

(b)  Spectral  line  width 
(r)  Output  power 

(</)  Effective  radiating  area 
(e)  Emission  pattern 
if)  Number  of  emitting  modes 
3.  pin  or  avalanche  photodiode 
(a)  Responsivity 
(/>)  Operating  wavelength 

(c)  Speed 

id)  Sensitivity 

Two  analyses  are  usually  carried  out  to  ensure  that  the  desired  system 
performance  can  be  met:  these  arc  the  link  power  budget  and  the  system  nu  - 
tiifif  budget  analyses  In  the  link  power  budget  analysis  one  first  determines  the 
power  margin  between  the  optical  transmitter  output  and  the  minimum  receiver 
lensitivily  needed  to  establish  a specified  BER  This  murgin  can  then  he  allocated 
to  connector,  splice,  and  fiber  losses,  plus  any  additional  margins  required  for 
possible  component  degradations,  transmission-line  impairments,  or  temperature 
effects  If  the  choice  of  components  did  not  allow  the  desired  transmission  dis- 
tance to  be  achieved,  the  components  might  have  to  be  changed  or  amplifiers 
might  have  to  be  incorporated  into  the  link 

Once  the  link  power  budget  has  been  established,  the  designer  can  perform  a 
system  rise-time  analysis  to  ensure  that  the  desired  overall  system  performance 
tut  been  met  We  shall  now  examine  these  two  analyses  in  more  detail 


8.1.1  System  Considerations 

In  carrying  out  a link  power  budget,  we  first  decide  at  which  wavelength  to 
transmit  and  then  choose  components  that  operate  m this  region  If  the  distance 
over  which  the  data  are  to  he  transmitted  is  not  too  far.  we  may  decide  to  operate 
in  the  80Q-to-'XK(-nm  region  On  the  other  hand,  tf  the  transmission  distance  is 
relatively  long,  we  may  want  to  lake  advantage  of  the  lower  attenuation  and 
dispersion  that  occurs  at  wavelengths  around  1300  or  1550  nrn 

Having  decided  on  a wavelength,  we  next  interrelate  the  system  perfor- 
mances of  the  three  major  optical  link  building  blocks,  thul  is.  the  receiver 
transmitter,  and  optical  fiber  Normally,  the  designer  chooses  the  characteristics 
of  two  of  these  elements  and  then  computes  those  of  the  third  to  sec  if  the  system 
performance  requirements  are  met  If  the  components  have  been  over-  or  under- 
specified. a design  iteration  may  he  needed  The  procedure  we  shall  follow  here  is 
lint  to  select  the  photodetector  We  then  choose  an  optical  source  and  see  how  far 
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data  can  be  transmitted  over  a particular  fiber  before  an  amplifier  is  needed  in  the 
line  to  boost  up  the  power  level  of  the  optical  signal. 

In  choosing  a particular  photodctcctor,  we  mainly  need  to  determine  the 
minimum  optical  power  that  must  fall  on  the  photodctcctor  to  satisfy  the  bit-error 
rate  (BER)  requirement  at  the  specified  data  rate.  In  muking  this  choice,  the 
designer  also  needs  to  take  into  account  any  design  cost  and  complexity  con- 
straints. As  noted  m Chaps  6 and  7.  a pin  photodiode  receiver  is  simpler,  more 
stable  with  changes  in  temperature,  and  less  expensive  than  an  avalanche  photo- 
diode receiver.  In  addition,  pm  photodiode  bias  voltages  are  normally  less  than 
5 V.  whereas  those  of  avalanche  photodiodes  range  from  40  V to  several  hundred 
volts.  However,  the  advantages  of  pm  photodiodes  may  be  overruled  by  the 
increased  sensitivity  of  the  avalanche  photodiode  if  very  low  optical  power  levdi 
arc  to  he  detected 

The  system  parameters  involved  in  deciding  between  the  use  of  on  LED  and 
a laser  diode  are  signal  dispersion,  data  rate,  transmission  distance,  and  cast.  Ai 
shown  in  Chap  4,  the  spectral  width  of  the  laser  output  is  much  narrower  than 
that  of  an  LED.  This  is  of  importance  in  the  80(Mo-900-nm  region,  where  the 
spectral  width  of  an  LED  and  the  dispersion  characteristics  of  silica  fibers  limit 
the  daln-ratc-distance  product  to  around  l50(Mb/s)  km  For  higher  values  (up 
to  2 500 (Mb/s)  km|.  a laser  must  be  used  at  these  wavelengths.  At  wavelengths 
around  I.Jgm,  where  signal  dispersion  is  very  low.  bit-rute^distance  products  of 
at  least  l500(Mb/s)  km  are  achievable  with  LEDs  For  InGaAsP  lusers.  thb 
figure  is  in  excess  of  25  (Gb/s)  • km  at  1.3  pm  A single-mode  fiber  can  provide 
the  ultimate  bit-rate  distance  product,  with  values  of  over  500  (Gb/s)  • km  having 
been  demonstrated  nt  1550  nm 

Since  laser  diodes  typically  couple  from  10  to  1 5 dB  more  optical  power  into 
a fiber  than  an  LED.  greater  rcpcatcrlcss  transmission  distances  arc  possihlcwith 
a laser  This  advantage  and  the  lower  dispersion  capability  of  laser  diodes  may  be 
offset  by  cost  constraints  Not  only  is  a laser  diode  itself  more  expensive  than  on 
LED.  but  also  the  laser  transmitter  circuitry  is  much  more  complex,  since  the 
lasing  threshold  has  to  be  dynamically  controlled  as  u function  of  temperature 
and  device  uging. 

For  the  optical  fiber,  we  have  a choice  between  single-mode  and  multimode 
fiber,  either  of  which  could  have  a step-  or  a graded-mdex  core.  Thu  chon* 
depends  on  the  type  of  light  source  used  and  on  the  amount  of  dispersion  that 
can  be  tolerated.  Light-emitting  diodes  (LEDs)  tend  to  be  used  with  multimode 
fibers,  although,  a->  we  saw  in  Chap  5.  edge-emitting  LEDs  can  launch  sufficient 
optical  power  into  a single-mode  fiber  for  transmission  at  data  rates  greater  than 
5<X)  Mb  s over  several  kilometers  The  optical  power  that  can  be  coupled  into  a 
fiber  from  an  LED  depends  on  the  core-cladding  index  difference  A.  which,  tn 
turn,  is  related  to  the  numerical  aperture  of  the  fiber  (for  A = 0.01.  the  numcnal 
aperture  NA  =:0,2I)  As  A increases,  the  fiber-coupled  power  increases  corre- 
spondingly However,  since  dispersion  also  becomes  greater  with  increasing  A.  a 
tradeoff  must  be  made  between  the  optical  power  that  can  be  launched  into  th; 
fiber  and  the  maximum  tolerable  dispersion. 
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When  choosing  the  attenuation  characteristics  of  a cablet)  fiber,  the  excess 
lost  that  results  from  the  cabling  process  must  be  considered  in  addition  to  the 
attenuation  of  the  fiber  itself  This  must  also  include  connector  and  splice  losses  as 
well  as  environmental-induced  losses  that  could  arise  from  temperature  varia- 
tions. radiation  effects,  and  dust  and  moisture  on  the  connectors 


HI. 2 I ink  Power  Budget 

An  optical  power  loss  model  for  a point-to-point  link  is  shown  in  Fig  8-2  The 
optical  power  received  at  the  photodetector  depends  on  the  amount  of  light 
coupled  into  the  fiber  and  the  losses  occurring  in  the  fiber  and  at  the  connectors 
Ain)  splices.  The  link  loss  budget  is  derived  from  the  sequential  loss  contributions 
of  each  element  in  ihe  link.  Each  of  these  loss  elements  is  expressed  in  decibels 
lilB)  as 

loss  = I0log~^  (8-D 

• in 

where  P„  and  PlfU,  are  the  optical  powers  emanating  into  and  out  of  the  loss 
dement,  respectively 

In  addition  to  the  link  loss  contributors  shown  in  Fig  8-2.  ii  link  power 
margin  is  normally  provided  in  the  analysis  to  allow  for  component  uging.  tem- 
perature fluctuations,  and  losses  arising  from  components  that  might  be  added  at 
future  dates  A link  margin  of  <T8  dB  is  generally  used  for  systems  thut  arc  not 
expected  to  have  additional  components  incorporated  into  the  link  in  the  future. 

The  link  loss  budget  simply  considers  the  total  optical  power  loss  Pr  that  is 
Allowed  between  the  light  source  and  the  photodetector,  and  allocates  this  loss  to 
cable  attenuation,  connector  loss,  splice  loss,  and  system  margin.  Thus,  if  /\  is  the 
optical  power  emerging  from  the  end  of  a fiber  flylead  attached  to  the  light  source, 
and  if  PK  is  the  receiver  sensitivity,  then 

Pt  = Ps  - P * 

= 2 /(  A-UfL-V  system  margin  (8-2) 
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Optical  power  low  model  for  a point-to-point  Imk  The  loues  occur  at  connectors  (/,).  at  jplicrs 
and  uv  the  fiber  lor,  I 
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Here,  /,  is  the  connector  loss,  a,  is  the  fiber  attenuation  (dB  km),  L is  the 
transmission  distance,  and  the  system  margin  is  nominally  taken  us  6 dB  Here,  wc 
assume  that  the  cable  of  length  L has  connectors  only  on  the  ends  and  none  in 
between,  The  splice  loss  is  incorporated  into  the  cable  loss  for  simplicity. 

■■■  Example  ft* I.  To  illustrate  how  a link  loss  budget  is  set  up,  let  us  carry  out  a specific 
design  example  Wc  shall  begin  by  specifying  a data  rale  of  20  Mb  s and  a bn-emit 
rate  of  10  * (i  e„  ai  most  one  error  can  occur  for  every  10*  bits  sent)  For  the 
receiver,  wc  shall  choose  a silicon  pm  photodiode  operating  at  850  nm  Figure  8-3 
show*  that  the  required  receiver  input  signal  is  42  dBm  (42  dB  below  I mW)  We 
next  select  a GaAIAs  LED  that  can  couple  a 50-/4 W (- 1 3 -dBm  I average  optical 
power  level  into  a fiber  flyiead  with  a 50-pm  core  diameter  We  thus  have  a TidB 
allowable  power  loss  Assume  further  that  a 1-dB  loss  occurs  when  the  fiber  flyiead  i» 
connected  to  the  cable  and  another  1-dB  connector  loss  occurs  at  the  cable  photo- 
detector  interface  Including  a 6-dB  system  margin,  the  possible  transmission  da- 
lance  for  a cable  with  an  attenuation  of  a,  dB.'km  cun  be  found  from  Eq  (8-2) 

Pr  =/>*-/**  = 29dB 
-=  2l  I dBl  afL  -f  6dB 

If  af  - 3.5  dB  km,  then  u 6 0-km  transmission  path  is  possible 
The  link  power  budgcl  can  be  represented  graphically  as  is  shown  in  Fig  8-4.  The 
vertical  axis  represents  (he  optical  power  loss  allowed  between  die  transmitter  and 
the  receiver  The  horizontal  axis  give  the  transmission  distance  Here,  we  show  t 
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Receiver  sensitivities  as  a function  of  hit  rate  The  Si  pm.  Si  At’L).  and  I ntUA  spin  curves  are  for  a I0‘* 
BER  The  InGaAs  API)  curve  it  fur  a 10  " BER 
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Graphical  representation  of  a link-loss  budget  for  an  800-run  LED  /tin  system  operating  at  20  Mb  s 


silicon  pin  receiver  with  a sensitivity  of  —42  dBm  (at  2(1  Mb  s)  and  an  LED  with  an 
output  power  of  13  dBm  coupled  into  a liber  fly  lead  We  subtract  a 1-dB  connector 
loss  at  each  end.  which  leaves  a total  margin  of  27  dB  Subtracting  u 6-dB  system 
safety  margin  leaves  us  with  a tolerable  loss  of  21  dB  thut  can  be  allocated  to  cable 
and  splice  loss  The  slope  of  the  line  shown  in  Fig  K-4  is  the  3.5-dB/km  cable  (and 
spltce,  in  this  case)  Ion.  This  line  starts  at  the  - 14-dBrn  point  (which  is  the  optical 
power  coupled  into  the  cabled  fiber)  and  ends  at  the  -35-dBm  level  (the  receiver 
sensitivity  minus  a 1-dB  connector  loss  and  a 6-dB  system  margin).  The  intersection 
point  D then  defines  the  maximum  possible  transmission  path  length, 

A convenient  procedure  for  culculuting  the  power  budget  is  to  use  a tubular 
or  spreadsheet  form.  We  will  illustrate  this  by  way  of  an  example  for  a SONET 
OC-48  (2.5  Gb/s)  link 

■i  Example  8-2.  Consider  a 1550-nm  laser  diode  that  launched  a +3-dBm  (2-mW) 
optical  power  level  into  a fiber  flvlcud.  an  InGaAs  APD  with  a -32-dBm  sensitivity 
at  2.5  Gb/s,  and  a 60-km  long  optical  cable  with  a 0.3-dB,  km  attenuation  Assume 
that  here,  because  of  the  way  the  equipment  is  arranged,  a short  optical  jumper  cable 
is  needed  at  each  end  between  the  end  of  the  transmission  cable  and  the  SONET 
equipment  rack  Assume  that  each  jumper  cable  introduces  a loss  of  3 dB  In  addi- 
tion, assume  a I -dB  connector  loss  occurs  at  each  fiber  joint  (two  at  each  end  because 
of  the  jumper  cables). 

Table  8-1  lists  the  components  in  column  I and  the  associated  optical  output, 
sensitivity,  or  loss  in  column  2 Column  3 gives  the  power  margin  available  after 
subtracting  the  component  loss  from  the  total  optical  power  loss  that  is  allowed 
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Example  of  a spreadsheet  for  calculating  an  optical-link  power  budget 


( nmpuwfii/loM  pimuiwlef 

Output  /scmldvHy  /tow 

Power  mu  ruin  idtli 

Lner  output 

.1  dBm 

Al'O  sensitivity  at  2_S  Cib  » 

J2  dBm 

Allowed  loss  |3  - (—32)) 

35 

Source  connector  Ids* 

1 dB 

34 

Juniper  ■*  ooimectot  lo» 

1+  1 dB 

30 

Cubic  attenuation  <60  kml 

18  dB 

12 

Jumper  + connector  low 

3 + 1 dB 

8 

Receiver  connector  lost 

1 dB 

7 (final  margin | 

between  the  light  source  and  the  photodetcctor.  which,  in  this  case,  is  35  dB  Adding 
all  the  losses  results  in  a final  power  margin  of  7 dB 


8.IJ3  Rise-I ime  Budget 

A rise-lime  budget  analysis  is  a convenient  method  for  determining  the  dispersion 
limitation  of  an  optical  fiber  link  This  is  particularly  useful  for  digital  systems  In 
this  approach,  the  total  rise  time  tf>1  of  the  link  is  the  root  sum  square  of  the  rue 
times  from  each  contributor  t,  to  the  pulse  rise-time  degradation: 


The  four  basic  elements  that  may  significantly  limit  system  speed  arc  the  trans- 
mitter rise  time  t„,  the  group* velocity  dispersion  (GVD)  rise  time  favo  of  the 
fiber,  the  modal  dispersion  rise  time  of  the  fiber,  and  the  receiver  rise  time  t„. 
Single-mode  fibers  do  not  experience  modal  dispersion,  so  m these  fibers  the  rue 
time  is  related  only  to  GVD.  Generally,  the  total  transition-time  degradation  of* 
digital  link  should  not  exceed  70  percent  of  an  NRZ  (non-rcturn-to-zero)  bit 
period  or  35  percent  of  a bit  period  for  RZ  (return-to-zero)  data,  where  one  bit 
period  is  defined  as  the  reciprocal  of  the  data  rate  (NRZ  and  RZ  data  formats  are 
discussed  in  more  detail  tn  Sec.  8.21 

The  rise  times  of  transmitters  and  receivers  ure  generally  known  to  the 
designer.  The  transmitter  rise  time  is  attributable  primarily  to  the  light  source 
and  its  drive  circuitry  The  receiver  rise  time  results  from  the  photodetcctor 
response  and  the  3-d B electrical  bandwidth  of  the  receiver  front  end  The  response 
of  the  receiver  front  end  can  be  modeled  by  a first-order  lowpass  filter  having  a 
step  response'1 


gi,t)  = (I  -exp<-2nflri/)]u<f) 
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where  ft,,  is  the  3-dB  electrical  bandwidth  of  the  receiver  and  i/lf)  is  the  unit  step 
function  which  is  I for  t > 0 and  0 for  t < 0 The  rise  time  tn  of  the  receiver  is 
usually  defined  as  the  time  interval  between  g(f)  = 0. 1 and  g(f)  = 0.9  This  is 
known  as  the  10-  to  VO-perccnt  rise  time.  Thus,  if  Br,  is  given  in  megahertz, 
then  the  receiver  front-end  rise  time  m nanoseconds  is  (see  Prob.  8-3) 


lr,  = 


350 

ft, , 


(8-4) 


In  practice,  an  optical  fiber  link  seldom  consists  of  a unilorm.  continuous, 
jointless  fiber  Instead,  a transmission  link  nominally  is  formed  from  several 
concatenated  (tandemly  joined)  fibers  that  may  have  different  dispersion  chamc- 
tenxtics  This  is  especially  true  for  dispersion-compensated  links  operating  at  10 
Gh  s and  higher  (see  Chap  12).  In  addition,  multimode  fibers  experience  modal 
distributions  at  fiber-to-fiher  joints  owing  to  misaligned  joints,  different  core 
index  profiles  in  each  fiber,  and/or  different  degrees  of  mode  mixing  in  individual 
fibers  Determining  the  fiber  nse  times  resulting  from  GVD  and  modal  dispersion 
then  becomes  more  complex  than  for  the  care  of  a single  uniform  fiber 

The  fiber  rise  time  fovo  resulting  from  GVD  over  a length  L can  be  approxi- 
mated by  Eq.  (3-54)  os 


/ovd  % \D\Loi  (8-5) 

where  nK  is  the  half-power  spectral  width  of  the  source,  and  the  dispersion  />  is 
given  by  Eq,  (3-57)  for  a non-dispersion-shifted  fiber  and  by  Eq  (3-59)  for  a 
dispersion-shifted  fiber  Since  the  dispersion  value  generally  changes  from  fiber 
section  to  section  in  a long  link,  an  average  value  should  be  used  for  f>  in 
Eq  (8-5). 

The  difficulty  in  predicting  the  hnndwidth  (and  hence  the  modal  nse  time)  of 
a senes  of  concatenated  multimode  fibers  arises  from  the  observation  that  the 
total  route  bandwidth  can  be  a function  of  the  order  in  which  fibers  arc  joined. 
For  example,  instead  of  randomly  joining  together  arbitrary  (but  very  similar) 
fibers,  an  improved  total  link  bandwidth  can  be  obtained  by  selecting  adjoining 
fibers  with  alternating  over-  and  undercompensated  refract ivc-indcx  profiles  to 
provide  some  modal  delay  equalization  Although  the  ultimate  concatenated  fiber 
bandwidth  can  be  obtained  by  judiciously  selecting  adjoining  fibers  for  optimum 
modal  dcluy  equalization,  in  practice  this  is  unwieldy  and  time-consuming,  partic- 
ularly since  the  initial  fiber  in  the  link  appears  to  control  the  final  link  character- 
istics 

A variety  of  empirical  expressions  for  modal  dispersion  have  thus  been 
developed  '0*11  From  practical  field  experience,  it  has  heen  found  that  the  band- 
width ftw  in  a link  of  length  L can  be  expressed  to  a reasonable  approximation  by 
the  empirical  relation 


^ 


(8-6) 
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where  the  parameter  q ranges  between  0.5  and  I . und  Bo  is  the  bandwidth  of  a 
1-km  length  of  cable.  A value  of  </  - 0.5  indicutes  that  a steady-state  modal 
equilibrium  has  been  reached,  whereas  q = I indicates  little  mode  mixing  Based 
on  field  experience,  a reasonable  estimate  is  q = 0.7. 

Another  expression  that  has  been  proposed  for  B\t,  based  on  curve  fitting  of 
experimental  data,  is 


where  the  parameter  q ranges  between  0.5  (quadrature  addition)  and  1 .0  (linear 
addition),  and  B„  is  the  bandwidth  of  the  nth  fiber  section.  Alternatively,  Eq  (8-T) 
can  be  written  as 


where  /,w(,V)  is  the  pulse  broadening  occurring  over  A'  cable  sections  in  which  the 
individual  pulse  broadenings  arc  given  by 

We  now  need  to  find  the  relation  between  the  fiber  rise  time  and  the  3-dB 
bandwidth.  For  this,  we  use  a sanation  of  the  expression  derived  by  Midwinter  “ 
We  assume  that  the  optical  power  emerging  from  the  fiber  has  a gaussian  tem- 
poral response  desenbed  by 

= (8-9) 

VZjtct 

where  a is  the  rms  pulse  width 

The  Fourier  transform  of  this  function  is 


GM  = — (8-10) 

From  Eq.  (8-9)  the  time  r 1/3  required  for  the  pulse  to  reach  its  half-maximum 
value:  that  is.  the  tune  required  to  have 

= Q.5*<0)  (8-M) 


is  given  by 

t\fl  =(2ln2),/3<x  (8-12) 

If  we  define  the  time  /fwhm  as  the  full  width  of  the  pulse  at  its  half-maximum 
value,  then 

'fwhm  — 2*t/i  = 2ot21n2)'  •'*  (8-13) 

The  3-d B optical  bandwidth  flviu  »*  defined  as  the  modulation  frequency 
/mb  at  which  the  received  optical  power  has  fallen  to  0.5  of  the  zero  frequency 
value.  Thus,  from  F.qs.  (8-10)  and  (8-13),  wc  find  that  the  relation  between  the 
full-width  half-maximum  rise  time  /fwhm  and  the  3-dB  optical  bandwidth  is 


I | POINTTOKMNT  LINK* 


331 


/mb  = #MB  = 


0.44 

*FWHM 


(8-14) 


Using  Eq  (8-6)  for  the  3-dB  optical  bandwidth  of  the  fiber  link  and  letting 
fpwiiM  be  the  rise  time  resulting  from  modal  dispersion,  then,  from  Eq  (8-14), 


0.44  0,44// 

*tmMi  — — r, 

«V  0(1 


(8-15) 


If  r« um  is  expressed  in  nanoseconds  and  fUi  is  given  in  megahertz,  then 


440  440L« 

~bT 


(8-16) 


Substituting  Fqs  (3-20),  (8-4),  and  (8-16)  into  Eq  (8-3)  gives  a total  system  nse 
time  of 


V = [C, + d<M  + fuvD  + 'M]': 

where  oil  the  times  arc  given  in  nanoseconds.  <t,  is  the  half-power  spectral  width  of 
the  source,  and  the  dispersion  D [expressed  in  ns/lnm  kin))  is  given  by  Eq.  (3-57) 
fora  non-dispcrsion-shifted  fiber  and  by  Eq.  (3-59)  for  a dispersion-shifted  fiber 
In  the  800-to-9t)0-nm  region.  I)  is  about  0.07ns/(nm  km),  which  is  principally 
due  to  material  dispersion,  so  that  /fiVD  =*  = l^alL2  Much  smaller  values 

of  D are  seen  in  the  1300-  and  1550-nm  window  (.see  Fig.  3-26) 

Hi  Example  K-3.  As  an  example  of  a rise-time  budget  for  a multimode  link  let  us 
(.onttnuc  the  analysis  of  the  link  we  started  to  examine  in  Sec  8 1.1  We  shall  assume 
that  the  LEO  together  with  its  drive  circuit  has  a rise  time  of  15  m.  Taking  a typical 
LED  spectral  width  of  40  nm,  we  have  a material -dispersion-related  rise-time  degra- 
dation of2l  ns  over  the  fe-km  link  Assuming  the  receiver  has  a 25-MHz  bandwidth, 
then  from  Eq.  (8-4)  the  contribution  to  the  rise-time  degradation  from  the  receiver  is 
14  ns  If  the  fiber  we  select  has  a 400-MHz  km  bandwidth  distance  product  and 
with  q =0,7  in  Eq.  (8-6).  then  from  Eq  (8-15)  the  modal-dispersion- induced  fiber 
rise  time  is  3 9 n*  Substituting  all  thoc  vulue*  back  into  Eq  (8-17)  results  in  a link 
rise  time  of 


V = <C.  + 4...  + 'Ll  + 

- [< 1 5 n»)“  + (21  ns)2  + (3.9ns)2  + (14ns)2]1' 

= 30ns 

This  value  falls  below  die  maximum  allowable  35-ns  rise-time  dcgradaiion  for  our 
20- Mb/s  NILZ  data  stream.  The  choice  of  components  was  thus  adequate  to  meet 
our  system  design  criteriu 
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Analogous  to  power-budget  calculations,  a convenient  procedure  for  keep- 
ing truck  of  the  various  rise-time  values  in  the  rise-lime  budget  is  to  use  a tabular 
or  spreadsheet  form  We  will  illustrate  this  by  way  of  an  example  for  the  SONET 
OC-48  (2.5  Gb/s)  link  we  looked  at  in  Example  8-2. 

■ 1 sample  IM.  Assume  that  the  laser  diode  together  with  its  drive  ciicuil  has  a me 
time  of  0.025  ns  |25  ps)  Taking  a 1550-nm  laser  diode  spectral  width  of  0.1  nm  and 
an  average  dispersion  of  2 ps/tnm  km)  for  the  fiber,  we  have  a GVD-relnted  rue- 
time  degradation  of  12  ps  <0.01 2 ns)  over  a 60-km  long  optical  cable  Assuming  the 
InCia As- AI*D- based  receiver  has  u 2.5-GH/  bandwidth,  then  from  Fq.  (8-4)  the 
receiver  nsc  time  is  0 14  ns.  I.Ising  liq.  (8-1T)  to  add  up  the  various  contributions, 
we  have  a total  rise  time  of  Q.U  n*. 

Table  8-2  lists  the  components  in  column  I and  the  associated  nsc  times  in 
column  2 Column  3 gives  the  allowed  system  rtse-ume  budget  of  0 28  iu  for  a 
2 5-Gb  s NRZ  data  stream  at  the  top  This  » found  from  the  expression  0.7, 
where  ffsn/  is  the  bit  rate  for  the  NRZ  signal  The  calculated  system  nsc  time  ofO  14 
ns  is  shown  at  the  bottom  The  system  rise  time,  in  this  case,  is  dominated  b>  the 
receiver  and  is  well  within  the  required  limits 


8.1.4  First-Window  Transmission  Distance 

Figure  8-5  shows  the  ultcnuution  and  dispersion  limitation  on  the  repcutcrleu 
transmission  distance  as  a function  of  data  rate  for  the  short-wavelength  (800- 
900-nm)  LF.D'/wi  combination.  The  BF.R  was  taken  as  10  '*  for  all  data  rates  The 
fiber-coupled  LFD  output  power  was  assumed  to  be  a constunt  —13  dBm  for  all 
data  rates  up  to  200  Mb  s The  attenuation  limit  curve  was  then  derived  by  using  j 
fiber  loss  of  3.5  dB  km  and  the  receiver  sensitivities  shown  in  Fig  8-3  Since  the 
minimum  optical  power  required  at  the  receiver  for  a given  BER  becomes  higher 
for  increasing  daia  rates,  the  attenuation  limit  curve  slopes  downwurd  to  the  right 
We  have  also  included  a 1-dB  connector-coupling  loss  at  each  end  and  a 6-dB 
system  operating  margin 

The  dispersion  limit  depends  on  material  and  modal  dispersion.  Materia! 
dispersion  ut  800  nm  is  taken  as  0.07  ns/(nm  km)  or  3.5  ns  km  for  an  LED  with  a 


TABLE  8-2 

Example  uf  a tabular  form  fur  keeping  track  of  component  contributions  to  an 
optical-link  rise-time  budget 


1 ompom-nl 

Him-  rime 

Kltt-llnr  budget 

Allowed  rise-lime  budget 

Later  Inintmiller 

25  p» 

fn«  « 0 7 / = 0 2S  HA 

UVD  in  fiber 

12  p» 

Receiver  me  lime 

Svitem  rile  lime  [Eq.  18-171) 

0 .14  n» 

0,14  m 
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Dull  rale  (Mb/>) 


F1GI  RE  8-5 

TaamtiMiun  iIiiuikc  limiii  a*  a function  of  data  rate  for  an  800- MU/  km  fiber,  an  800-nm  LED  tourer  with  a Si  pm 
photodiode  combination,  and  an  830-ntn  later  diodr  with  a Si  APD 


50-nm  spectral  width  The  curve  shown  is  the  material  dispersion  limn  in  the 
ibsenee  of  modal  dispersion  This  limit  was  taken  to  be  the  distance  at  which 
'mi  l*  70  percent  of  a bit  period.  The  modal  dispersion  was  derived  from  Eq 
(K-15)  for  a fiber  with  an  800-MHz  km  bandwidth  distance  product  and  with 
<1  = 0.7.  The  modal  dispersion  limit  was  then  taken  to  be  the  distance  at  which  /„**! 
is  70  percent  of  a bit  period  The  achievable  transmission  distances  are  those  that 
full  below  the  attenuation  limit  curve  and  to  the  left  of  the  dispersion  line,  as 
indicated  by  the  hatched  area  The  transmission  distance  is  attenuation-limited 
up  to  about  40  Mb/s.  after  which  it  becomes  matcnal-dispersion-limited 

Greater  transmission  distances  are  possible  when  a laser  diode  is  used  in 
conjunction  with  an  avalanche  photodiode.  Let  as  consider  an  AIGaAs  laser 
emitting  a 850  nm  with  a spectral  width  of  I nm  that  couples  0 dBm  ll  ntW) 
into  a fiber  flylcad  The  receiver  uses  an  APD  with  a sensitivity  depicted  in  Fig. 
8-3  The  fiber  is  the  same  as  described  in  Sec  8.1  4.  In  this  case,  the  material- 
difpersion-lunit  curve  lies  off  the  graph  to  the  nght  of  the  modal-dispersion-limit 
curve,  and  the  attenuation  limit  (with  an  H-dB  system  margin)  is  as  shown  in 
Fig.  8-5.  The  achievable  transmission  distances  now  include  those  indicated  by 
tbc  shaded  area 
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8.1.5  Transmission  Distance  for  Single-Mode 
Links 

At  the  other  extreme  from  that  shown  in  Fig  8-5.  let  us  examine  a single-mode 
link  operating  at  1550  nm  In  this  case,  the  dispersion  in  the  fiber  is  due  only  to 
GVD  effects,  since  there  is  no  modal  dispersion.  We  take  the  dispersion  to  he 
l)  = 2.5ps/(nm  km)  and  the  attenuation  to  be  0.30  dB  km  at  1550  nm  For  the 
source  we  first  choose  a laser  which  couples  0 dBm  of  optical  power  into  the  fiber 
and  which  has  a large  spectral  width  o*  = 3.5  nm.  Then  we  select  a laser  with 
= I nm.  The  receiver  can  use  either  an  InGaAs  avalanche  photodiode  (APD) 
with  a sensitivity  of  Pr  = 1 1.5  log  B - 71.0  dBm  or  an  InGaAs  pin  photodiode 
with  a sensitivity  of  P,  - 11.5  log  /T  — 60.5  dBm.  where  li  is  the  datu  rate  in  Mb,i 
The  attenuation-limited  transmission  distances  for  these  two  photodiodes  are 
shown  in  Fig.  8-6  with  the  inclusion  of  an  8-dB  system  margin. 

For  the  dispersion  limit  we  examine  two  cases.  First,  for  the  o*  = 3.5  nm 
case.  Fig.  8-6  shows  the  limit  for  NRZ  data  where  the  product  Da.  1.  i9  equal  to  70 
percent  of  the  bit  period  and  where  for  RZ  data  the  product  Do^L  is  equal  to  35 
percent  of  the  bit  period.  Next  we  show  the  limit  of  NRZ  data  for  the  o,  = I nm 
case  Note  the  dramatic  change  for  the  narrower  lincwidth  These  curves  air  for 


FICt'RK  *-* 

T rimtnu**iun -distance  limit*  »»  * (unction  of  data  rale  for  1 550-nro  U*cr  diode*  having  spectral  width*  o4  = 3 5 and  I 0 am 
an  InGaAs  APD.  urn!  a »ing)c-modc  fiber  with  />  - 2.$pt/(nui  tin)  and  a 0.3-dB/km  ullcnualion 
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the  ideal  ease  In  reality,  various  noise  effect*  due  to  laser  instabilities  coupled 
with  chromatic  dispersion  in  the  fiber  can  greatly  decrease  the  dispersion-limited 
distance.  Section  8.4  discusses  these  factors  and  their  effect  on  system  perform- 
ance 

8.2  LINE  CODING 

In  designing  un  optical  fiber  link,  an  important  consideration  is  the  format  of  the 
transmitted  optical  signul  This  is  of  importance  because,  in  any  practical  digital 
optical  fiber  data  link,  the  decision  circuitry  in  the  receiver  must  be  able  to  attract 
precise  timing  information  from  the  incoming  optical  signal  The  three  main  pur- 
poses of  timing  are  to  allow  the  signul  to  be  sampled  by  the  receiver  at  the  lime  the 
ugnal-to-noisc  ratio  is  a maximum,  to  maintain  the  proper  pulse  spacing,  and  to 
indicate  the  start  and  end  of  each  liming  interval.  In  addition,  since  errors  result- 
ing from  channel  noise  and  distortion  mechanisms  can  occur  in  the  signal-detec- 
tion process,  it  may  be  desirable  for  the  optical  signul  to  have  an  inherent  error- 
detecting  capability.  These  features  cun  be  incorporated  into  the  data  slrcum  by 
restructuring  (or  encoding)  the  signul  This  is  generally  done  by  introducing  extra 
bits  into  the  ruw  data  stream  ut  the  transmitter  on  u regular  and  logical  busts  and 
extracting  them  again  at  the  receiver 

Signal  encoding  uses  a set  of  rules  for  arranging  the  signal  symbols  in  u 
particular  pattern  This  process  is  called  channel  or  line  coding.  The  purpose  of 
this  section  is  to  examine  the  vurious  types  of  line  codes  that  arc  well  suited  for 
digital  transmission  on  an  optical  fiber  link  The  discussion  here  is  limited  to 
binary  codes,  because  they  are  the  most  widely  used  electrical  codes  und  also 
because  they  are  the  most  advantageous  codes  for  optical  systems. 

One  of  the  principal  functions  of  u line  code  is  to  introduce  redundancy  into 
the  data  stream  for  the  purpose  of  minimizing  errors  that  result  from  channel 
interference  effects.  Depending  on  the  amount  of  redundancy  introduced,  any 
degree  of  error-free  transmission  of  digital  data  cun  be  achieved,  provided  that 
the  duta  rate  that  includes  this  redundancy  is  less  than  the  channel  capacity  This 
ba  result  of  the  well-known  Shannon  channel-coding  theory  .1  '* 

Although  large  system  bandwidth*  are  attainable  with  optical  fibers,  the 
Mgnal-to-noisc  considerations  of  the  receiver  discussed  in  Chap.  7 show  that 
larger  bandwidth*  result  in  larger  noise  contributions.  Ilius.  from  noise  consid- 
erations. minimum  band  widths  arc  dcsimblc  However,  a larger  bandwidth  muy 
be  needed  to  have  timing  data  available  from  the  bit  stream  In  selecting  a partic- 
ular line  code,  a tradeoff  must  therefore  be  made  between  tuning  and  noise 
bandwidth.'1'  Normally,  these  are  largely  determined  by  the  expected  churacter- 
mtrcs  of  the  raw  data  stream. 

The  three  basic  types  of  two-level  binary  line  codes  that  can  be  used  lor 
optical  fiber  transmission  links  arc  the  non-rctum-to-zcro  (NRZi  format,  the 
reiurn-to-zero  (RZi  format,  and  the  phase-encoded  (PE)  format.  In  \RZ  codes 
a transmitted  data  hit  occupies  u full  bit  period  For  RZ  formats  the  pulse  width  i* 
less  than  a full  bit  period  In  the  PE  format  both  full-width  and  half-width  data 
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bits  arc  present  Multilevel  binary  (MLB)  signalling-"  is  also  possible,  but  it  ti 
used  much  less  frequently  than  the  popular  NRZ  and  RZ  codes.  A brief  desenp- 
tion  of  some  NRZ  and  RZ  codes  will  be  given  here  Additional  details  can  be 
found  in  various  communications  books  and  articles'*' Jl'31 

8.2.1  NRZ  Codes 

A number  of  different  NRZ  codes  arc  widely  used,  and  their  bandwidth*  sene  a* 
references  for  all  other  code  groups  The  simplest  NRZ  code  is  NRZ-level  (or 
NRZ-L),  shown  in  Fig.  8-7  For  a serial  data  stream,  an  on  off  (or  unipolar) 
signal  represents  a I by  a pulse  of  current  or  light  (tiling  un  entire  bit  penod. 
whereas  for  a 0 no  pulse  is  transmitted  These  codes  arc  simple  to  generate  and 
decode,  but  they  possess  no  inherent  error-monitoring  or  correcting  capabilities 
and  they  have  no  self-clocking  (timing)  features 

The  minimum  bandwidth  is  needed  with  NRZ  coding,  but  the  average 
power  input  to  the  receiver  is  dependent  on  the  data  pattern  For  example,  the 
high  level  or  received  power  occurring  in  a long  string  of  consecutive  1 bus  can 
result  in  a baseline  wander  cfTcct.  as  shown  in  Fig.  8-8.  This  effect  results  from  the 
accumulation  of  pulse  tails  that  arise  from  the  low -frequency  characteristics  of  the 
ac-coupling  filter  in  the  receiver.  If  Lite  receiver  recovery  to  the  original  threshold 
is  slow  after  the  long  string  of  I bits  has  ended,  an  error  may  occur  if  the  next  I bit 
has  a low  amplitude. 

In  addition,  a long  string  of  NRZ  ones  or  zeros  contains  no  timing  informa- 
tion, since  there  are  no  level  transitions  Thus,  unless  the  timing  clocks  in  the 
system  arc  extremely  stable,  a long  string  of  N identical  bits  could  be  misinter- 
preted as  either  N — 1 or  N + I bits.  However,  the  use  of  highly  stable  docks 
increases  system  costs  and  requires  a long  system  startup  time  to  achieve  synchro- 
nization. Two  common  techniques  for  restricting  the  longest  time  interval  in 
which  no  level  transitions  occur  arc  the  use  of  block  codes  (see  See  8.2.3)  and 
scrambling  Scrambling  produces  a random  data  pattern  by  the  modulo-2 
addition  of  a known  bit  sequence  with  the  data  stream.  At  the  receiver,  the 
same  known  bit  sequence  is  again  ntodulo-2  added  to  the  received  data,  and 
the  original  bit  sequence  is  recovered  Although  the  randomness  of  scrambled 
NRZ  data  ensures  an  adequate  amount  of  timing  information,  the  penalty  for 
Us  use  is  an  increase  in  the  complexity  of  the  NRZ  encoding  and  decoding 
circuitry. 
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FIGURE  «-7 

Example  of  an  NRZ-L  daw 
pattern 
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Baseline  wander  at  the  receiver  reiultlnp  from  the  truiumiuion  ul  loner  vtnnjn  ol  NR/  t tun 


8.12  RZ  Codes 

If  an  adequate  bandwidth  margin  exists,  each  data  bit  can  be  encoded  as  two 
optical  line  code  bits  Hits  is  the  basts  of  RZ  codes  In  these  codes,  a signal  level 
transition  occurs  during  either  some  or  all  of  the  bit  periods  it)  provide  timing 
information.  A variety  of  RZ  code  types  exist,  some  of  which  arc  shown  in  l ie 
&•¥  The  baseband  (NRZ-L)  duta  arc  shown  in  Fig  K-9a.  In  the  unipolar  RZ  data, 
a ! bit  ts  represented  by  a hall-period  optical  pulse  that  can  occur  in  either  the  first 
or  second  half  of  the  bit  period  A 0 is  represented  by  no  signal  during  the  bit 
period 

A disadvantage  of  the  unipolar  RZ  format  is  that  long  strings  of  0 bits  can 
cause  loss  of  timing  synchronization  A common  duta  format  not  having  this 
limitation  ts  the  biphase  or  optical  Munches  ter  code  shown  in  Fig.  8-9</  Note 
(hut  this  is  a untpolur  code,  which  ts  in  contrast  to  the  conventional  hipolar 
Manchester  code  used  in  wire  lines  The  optical  Manchester  signal  is  obtained 
by  direct  modulo-2  addition  ol  the  baseband  (NRZ-L)  signal  and  a clock  signal 
(Fig  8-9 h).  In  this  code,  there  is  a transition  at  the  center  of  each  bit  interval  A 
negative-going  transition  indicates  a l-bit.  whereas  a positive-going  transition 
means  a 0 bit  was  sent.  I he  Manchester  code  is  simple  to  generate  and  decode 
Since  it  is  an  RZ-type  code,  it  requires  twice  the  bandwidth  of  an  NRZ  code.  In 
addition,  it  has  no  inherent  error-detecting  or  correcting  capability 

Coaxial  or  wire-pair  cable  systems  commonly  use  the  bipolar  RZ  or  alter- 
nate mark  inversion  (AMI)  coding  scheme  These  wire  line  codes  have  also  been 
adapted  to  unipolar  optical  systems  -y  The  two-level  AMI  optical  pulse  formats 
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Ltampln  of  R/  dal*  furmntt  (a)  NRZ-L  h.i*etwmJ  daU.  (A)  clock  uynal.  (rl  unipolar  R/  ittta.  tdl 
biphase  or  optical  Manchester,  (<■)  Iraniitioai  occurring  within  a hti  period  for  Manchesln  ibia 


require  twice  the  transmission  bandwidth  of  NR7.  codes,  but  they  provide  timimt 
information  in  the  data  stream,  and  the  redundancy  of  the  encoded  information 
(which  is  inherent  in  these  codes)  allows  for  direct  in-service  error  monitoring 
Other  more  complex  schemes  have  been  tried  for  high-speed  links. 

8.2.3  Block  Codes 

An  efficient  category  of  redundant  binary  codes  is  the  wBmB  block  code  class.55'11 
In  this  class  of  codes,  blocks  of  m binary  bits  arc  converted  to  longer  blocks  of 
n > m binary  bits  These  new  blocks  arc  then  transmitted  in  NRZ  or  RZ  format 
As  a result  of  the  additional  redundant  bus.  the  increase  in  bandwidth  using  this 
scheme  is  given  by  the  ratio  nfm.  Al  ihc  expense  of  this  increased  bandwidth,  the 
mB/iB  block  codes  provide  adequate  liming  and  error-monitoring  information, 
and  they  do  not  have  baseline  wander  problems,  since  long  strings  of  ones  and 
zeros  are  eliminated 

A convenient  concept  used  for  block  codes  is  the  uccumuiuted  or  runnmf 
disparity,  which  is  the  cumulative  difference  between  the  numbers  of  I and  0 bits. 
A simple  means  of  measuring  this  is  with  an  up-down  counter.  The  key  factors  in 
selecting  a particular  block  code  are  low  disparity  and  a limit  in  the  disparity 
variation  ((he  difference  between  the  maximum  and  minimum  values  of  the  accu- 
mulated disparity).  A low  disparity  allows  the  dc  component  of  the  signal  to  be 
cancelled  A bound  on  the  accumulated  disparity  avoids  Ihe  low-frequency  spec- 
tral content  of  the  signal  and  facilitates  error  monitoring  by  detecting  the  dispar- 
ity overflow  Generally,  one  chooses  codes  that  have  an  even  n value,  since  for 
odd  values  of  n there  arc  no  coded  words  with  zero  disparity. 
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Table  8-3 

A comparison  of  several  mHnH  codes 


Cfttr 

m/m 

-V— 

D 

W <%) 

MMB 

1 33 

4 

±3 

23 

SBDB 

IJ3 

6 

±3 

7S 

<86B 

1.20 

6 

±4 

28 

rtWB 

1.14 

9 

*7 

27 

IBIOB 

111 

11 

±8 

24 

A comparison  of  several  «iB/iB  codes  is  given  in  Table  8-3.  The  following 
parameters  arc  shown  in  this  table: 

1.  The  ratio  n/m,  which  gives  the  bandwidth  increase. 

2.  The  longest  number  of  consecutive  identical  symbols  (small  values  of 
Saui  allow  for  easier  clock  recovery). 

3.  The  bounds  on  the  accumulated  disparity  D. 

4.  The  percentage  W of  n-bit  words  that  are  not  used  (the  detection  of  invalid 
words  at  the  receiver  permits  character  reframing). 

Suitable  codes  for  high  datu  rates  are  the  1B4B.  4B5B.  5B6B.  and  8B10B 
codes  If  simplicity  of  the  encoder  and  decoder  circuits  is  the  main  criterion,  the 
3B4B  is  the  most  convenient  code  The  5B6B  code  is  the  most  advantageous  if 
bandwidth  reduction  is  the  major  concern.  In  local-area  network  (LAN)  applica- 
tions. the  widely  used  Fiber  Distnbuted  Data  Interface  (FDDI)  uses  4B5B  coding 
md  Fibre  Channel  employs  an  8B10B  code.3* 


8.3  ERROR  CORRECTION 

For  high-speed  broadband  networks,  the  duta-tmnsmission  reliability  provided 
by  the  network  may  be  lower  than  the  reliability  requested  by  an  application  In 
this  case,  the  transport  protocol  of  the  network  must  compensate  for  the  differ- 
ence in  the  bit-loss  rate.  The  two  basic  schemes  for  improving  the  reliability  arc 
automatic  repeat  request  (ARQ)  and  forward  error  correction  (FEC)  ">~44  The 
ARQ  schemes  have  been  used  for  many  years  and  arc  widely  implemented.  As 
ihown  in  Fig.  8-10.  the  technique  uses  a feedback  channel  between  the  receiver 
*nd  the  transmitter  to  request  message  retransmission  in  case  errors  arc  detected 
it  the  receiver.  Since  each  such  retransmission  adds  at  least  one  roundtnp  time  of 
latency,  ARQ  may  not  be  feasible  for  applications  that  require  low  latency 
Among  these  applications  are  voice  and  video  services  that  involve  human  inter- 
action, process  control,  and  remote  sensing  in  which  data  must  arrive  within  a 
certain  time  in  order  to  be  useful 
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FIG l KF  H-10 

Basic  xiup  (or  an  oulonuilHr-fcpcut-fequcsl  t \Ky>  enor-oocTOCUun  scheme 


f orward  error  correction  avoids  the  shortcomings  of  ARQ  for  high  band- 
width optical  networks  that  require  low  delays  In  FF.C  techniques,  redundant 
information  is  transmitted  along  with  the  original  information.  If  some  of  the 
original  data  is  lost  or  received  in  error,  the  redundant  information  is  used  lo 
reconstruct  it.  Typically,  the  amount  of  redundant  information  is  small,  so  the 
FEC  scheme  does  not  use  up  much  additional  bandwidth  and  thus  remains  effi- 
cient Depending  on  the  application,  some  considerations  of  FEC  code  properties 
include  Ihc  ability  lo  accommodate  self-synchronous  scramblers  (with  character- 
istics polynomial  I 4-  <**)  lifted  in SONE1  (see Chap  12).  the  4B5B  line  code  utd 
in  FDD1,  or  the  8BI0B  line  code  used  m Fibre  Channel 

The  most  popular  error-correction  codes  arc  cyclic  codex  These  are  desig- 
nated by  the  notation  l«.  w).  where  n equals  the  number  of  original  bits  m plus  the 
number  of  rcduiufant  bits  Some  examples  that  have  been  used  include  a (224, 
21ft)  shortened  Hamming  code.40  a 1 192.  190)  Rccd-Solomon  codc.4:  a (255,  234) 
Rccd-Solomon  code.4’  and  (188X0.  18865)  and  (2370.  2358)  shortened  Hamrarai 
codes 44 

The  results  of  the  (224.  21ft)  code  arc  shown  in  Figs  8-1 1 and  8-12.  Figure 
8-11  is  a plot  of  the  1 EC-dccodcd  BER  versus  the  primary  RER  The  data  is  fro* 
an  experiment  using  a 565-Mbs  multimode  laser  system  operating  at  1 300  nm  The 
laser  had  a FWHM  of  4 nm  at  the  one-len t h-ma ximum  point.  Various  levels  of 
AWGN  (additive  while  gaussian  noise)  were  injected  al  the  receiver  decision  pant 
in  order  to  vary  the  signul-to-noise  ratio.  Tfie  relative  performance  improvement 
using  FEC  increases  as  the  error  probability  decreases.  For  example,  al  a 1(1 4 
primary  BER  the  performance  improves  by  a factor  of  about  25.  whereas  at  a 10 4 ! 
primary  error  level  the  BER  resulting  from  EEC  decreases  by  a factor  of  abo* 
3(KK( 

Figure  8-12  shows  the  measured  BER  performance  as  a function  of  the 
received  power  level  with  and  without  FF.C  Analogous  to  Fig,  8-11.  the  per- 
formance improvement  with  FEC  is  significant. 


8.4  NOISE  EFFECTS  ON  SYSTEM 
PERFORMANCE 

In  the  analysis  in  Sec.  8 1 we  assumed  that  the  optical  power  falling  on  tk 
pholodctcctor  is  a clearly  defined  function  of  time  within  the  statistical  natun 
of  the  quantum  detection  process.  In  reality,  as  noted  in  See.  4.5.  various  inter- 
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actions  between  spectral  imperfections  in  the  propagating  optical  power  and  the 
dispersive  waveguide  give  rise  to  variations  in  the  optical  power  level  Tailing  on 
the  photodetector  These  variations  create  receiver  output  noises  and  hence  give 
rise  to  optical  power  penalties,  which  are  particularly  serious  for  high-speed  links. 
The  main  penalties  arc  due  to  modal  noise,  wavelength  chirp,  spectral  broadening 
induced  by  optical  reflections  back  into  the  laser,  and  mode-partition  noise 
Modal  noise  is  not  present  in  single-mode  links;  however,  mode-partition  noise, 
chirping,  and  reflection  noise  arc  critical  in  these  systems, 


8.4.1  Modal  Noise 

Modal  noise  arises  when  the  light  from  a coherent  laser  is  coupled  into  a multi- 
mode  fiber.12  This  is  generally  not  a problem  for  links  operating  below 
100 Mb/s.  but  becomes  disastrous  at  speeds  around  400  Mb/s  and  higher  The 
following  factors  cun  produce  modal  noise  tn  an  optical  fiber  link: 
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Received  power  (dBm) 


FIGIUKS-U 

Measured  performance  of  a 56^ 
Mb  « irantmiuinn  s>slon  with 
and  without  FEC  (Reproduced 
with  permission  from  Grovo* 

<c  tm  osa.) 


1.  Mechanical  disturbances  along  the  link,  such  as  vibrations,  connectors, 
splices,  microbcnds.  and  source  or  detector  coupling,  can  result  in  differential 
mode  delay  or  modal  and  spatial  filtering  of  the  optical  power  This  producer 
temporal  fluctuations  in  the  speckle  pattern  at  the  receiving  end.  thus  creating 
modal  noise  in  the  receiver. 

2.  Fluctuations  in  the  frequency  of  an  optical  source  can  also  give  rise  to  inter- 
modal  delays.  A coherent  source  forms  speckle  patterns  when  its  coherence 
time  is  greater  than  the  intermodal  dispersion  time  8T  within  the  fiber.  If  the 
source  bas  a frequency  width  6v,  then  its  coherence  time  is  l/iv  Modal  noise 
occurs  when  the  speckle  pattern  fluctuates;  that  is,  when  the  source  coherence 
time  becomes  much  less  than  the  intermodal  dispersion  time.  The  modal 
distortion  resulting  from  interference  between  a single  pair  of  modes  will 
appear  as  a sinusoidal  ripple  of  frequency 


v = ST 


dVyMinx 

dt 


(»-!») 


where  di\,iatai/di  is  the  rate  of  change  of  optical  frequency 
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Several  researchers  have  examined  how  modal  noise  degrades  the  bit-error 
rate  (BF.R)  performance  of  a digital  link.4*'50  As  an  example.  Fig.  8-13  illustrates 
the  error  rates  with  the  uddition  of  modal  noise  to  an  avalanche-photodiode 
receiver  system.49  The  analysis  is  for  280  Mb/s  at  1200  nm  with  a gaussian-shaped 
received  pulse.  The  factor  M'  in  this  figure  is  related  to  the  number  of  speckles 
falling  on  the  photodetector.  For  a very  large  number  of  speckles  (A# ' = 2910). 
the  crTor-rutc  curve  is  very  close  to  the  case  when  there  is  no  modal  noise.  As  the 
number  of  speckles  decreases,  the  performance  degrades  When  M'  = 50.  one 
needs  an  additional  1.0  dB  of  received  optical  power  to  maintain  an  error  rate 
oflO'4.  When  M'  = 20.  one  must  have  2.0  dB  more  power  to  achieve  a 10~6  BF.R 
than  in  the  case  of  no  modal  noise  This  number  becomes  4.9  dB  when  M = 4 
The  performance  of  a high-speed,  laser-based  multimode  fiber  link  is  diffi- 
cult to  predict,  since  the  degree  of  modal  noise  which  can  appear  depends  greatly 
on  the  particular  installation.  Thus,  the  best  policy  is  to  take  steps  to  uvotd  it  This 
can  he  done  by  the  following  measures: 

1.  Use  LEDs  (which  arc  incoherent  sources).  This  totally  avoids  modal  noise 

2.  Use  a laser  which  has  a large  number  of  longitudinal  modes  (It)  or  more). 
This  increases  the  grammes*  of  the  speckle  pattern,  thus  reducing  intensity 
fluctuations  at  mechanical  disruptions  in  the  link. 

3.  Use  a fiber  with  a large  numerical  aperture,  since  it  supports  a large  number 
of  modes  and  hence  gives  a greater  number  of  speckles 


FIGURE  K-13 

Error-rule  curve*  for  280- Mb'* 
avaUnthc-photodiodc-hused  syv 
tem  with  the  addition  of  modal 
noise  The  liR-tor  A t ' correspond* 
io  ihc  number  of  speckle*  (Re- 
produced with  permission  from 
Chun  and  Tjhunir.**  i 1V89. 
IEEE  > 
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4.  Use  a single-mode  fiber,  since  it  supports  only  one  mode  and  thus  has  no 
modal  interference. 

The  last  point  needs  some  further  explanation  If  a connector  or  splice  point 
couples  some  of  the  optical  power  from  the  fundamental  mode  into  the  first 
higher-order  mode  (the  LPn  mode),  then  a significant  amount  of  power  could 
exist  in  the  LPu  mode  in  a short  section  of  fiber  between  two  connectors  or  at  a 
repair  splice  **  w Figure  8-14  illustrates  this  effect  In  a single-mode  system,  modal 
noise  could  occur  in  shoM  conncctori/cd  patch-cords,  in  laser  diode  flyleads,  or 
when  two  high-loss  splices  arc  a very  short  distance  apart  To  circumvent  this 
problem,  one  should  specify  that  the  effective  cutoff  wavelength  of  short  patch- 
cord and  fiylcad  liber  lengths  is  well  below  the  system  operating  wavelength. 
Thus,  mode  coupling  is  not  a problem  in  links  that  have  long  fiber  lengths 
between  connectors  and  splices,  since  the  LPu  mode  is  usually  sufficiently  atten- 
uated over  the  link  length 


8.4.2  Mode- Partition  Noise 

As  noted  in  Sec  4 5.  mode-partition  noise  is  associated  with  intensity  fluctuations 
in  the  longitudinal  modes  of  a laser  diode;'1*5’  that  is,  the  side  modes  urc  not 
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Repair  sections  aw  produce  modal  noise  in  u single-mode  fiber  link  This  arum  through  the  inter- 
change of  optical  power  between  the  LPm  and  Ihe  lJ*n  modes  al  splice  or  connector  joints 
(Reproduced  with  permission  from  Scam.  White.  Kummnr.  and  Stone.**  ('  1986.  tHEH.I 
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ni(Ticiently  suppressed  This  is  the  dorm  mini  noise  in  single-mode  fibers  Intensity 
fluctuations  can  occur  among  the  various  modes  in  a multimode  laser  even  when 
the  total  optical  output  is  constant,  as  exhibited  in  Fig.  8-1 5 This  power  distribu- 
tion can  vary  significantly  both  within  a pulse  and  from  pulse  to  pulse 

Because  the  output  pattern  of  a laser  diode  is  highly  directional,  the  light 
from  these  fluctuating  modes  can  be  coupled  into  a single-mode  fiber  with  high 
efficiency.  Each  of  the  longitudinul  modes  that  is  coupled  into  the  fiber  has  a 
diderent  attenuation  and  lime  delay,  because  each  is  associated  with  a slightly 
diderent  wavelength  (see  Sec.  3.3).  Since  the  power  fluctuations  among  the  domi- 
nant modes  can  be  quite  large,  significant  variations  in  signal  levels  can  occur  at 
the  receiver  in  systems  with  high  fiber  dispersion. 

The  signal-to-noisc  ratio  due  to  mode-partition  noise  is  independent  of 
signal  power,  so  that  the  overull  system  error  rate  cannot  be  improved  beyond 
the  limit  set  by  this  noise  This  is  an  important  difference  from  the  degradation  of 
receiver  sensitivity  normally  associated  with  chromatic  dispersion,  which  one  can 
compensate  for  by  increasing  the  signal  power 

The  power  penalty  in  decibels  caused  by  laser  mode-partition  noise  can  be 
approximated  by* 

Pmpn  = -5^jlog[l  (8-19) 

where  x is  the  excess  noise  factor  of  an  APD.  Q is  the  signal-to-noise  factor  (see 
Fig  7-7),  B is  the  bit  rate  in  Gb/s.  L is  the  liber  length  in  km.  1)  is  the  fiber 
chromatic  dispersion  in  ps/(nm  km),  aK  is  the  rms  spectral  width  of  the  source  in 
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nm,  anil  k is  the  mode- partition-noise  factor  The  parameter  k is  difficult  to 
quantify  since  it  cun  vary  from  0 to  1 depending  on  the  luscr.  However,  expen- 
mcntal  values  of  k range  from  0.6  to  0.8.  To  keep  the  power  penalty  less  than 
0.5  dB,  a welt-designed  system  should  have  the  quanta)  BLDok  < 0.1 

Mode-partition  noise  becomes  more  pronounced  for  higher  bit  rates  The 
errors  due  to  mode-partition  noise  can  be  reduced  and  sometimes  eliminated  by 
setting  the  bias  point  of  the  laser  above  threshold.  However,  raising  the  ha* 
power  level  reduces  the  available  signal-pulse  power,  thereby  reducing  the  achiev- 
able Mgnal-to-thermal-noise  ratio 

In  attempts  to  describe  the  effects  of  mode-partition  noise,  researchers  have 
tried  to  identify  a figure  of  merit  for  the  laser  diode  spectrum  that  could  he 
measured  experimentally,  yet  give  an  uccurate  theoretical  prediction  of  system 
performance  One  approach  applies  to  lasers  thut  have  many  lasing  modes. M 
whereas  another  addresses  two-mode  lasers  where  the  side  mode  is  below  the 
lasing  threshold  5 J 54  The  second  ease  is  of  interest  in  practice,  since  the  distribu- 
tion of  mode-partition  fluctuations  is  exponential  rather  than  gaussian.  Thi» 
means  that  the  fluctuations  can  cause  very  high  error  rales  in  all  lasers  except 
those  wherein  the  non  lasing  modes  arc  greatly  suppressed 

Figure  8-16  shows  Ihc  result  of  a tradeoff  analysis*4  between  the  modc- 
partition-noise  BF.R  und  the  system  BER  in  the  absence  of  mode-partition 
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Example  of  a tradeoff  analvus  between  the  mode-partition-ooiie  HER  and  the  system  HI-  H m th* 
absence  of  mode-partition  noise  i Reproduced  with  pcimiiMon  from  ll.och.  Kearns  ami  Brown.'* » 
I98*i.  IEEE  > 
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noise  The  curses  represent  the  total  system  performance  for  error  probabilities  of 
10**  and  10" 11  As  an  example,  to  maintain  a total  system  BF.R  of  IQ'1*  and  also 
have  a receiver  error  probability  of  I0-13,  the  required  error  rate  for  mode  parti- 
tioning is  less  than  I0-|:,  as  shown  by  point  A.  This  is  equivalent  to  a mode- 
intensity  ratio  of  Io/Jq  — 50.  where  l0  is  the  average  intensity  of  the  mam  lasing 
mode  and  J0  is  the  average  intensity  of  the  strongest  nonlasing  mode 

To  present  the  occurrence  of  a high  system  bit-error  rate  due  to  power 
partitioning  among  insufficiently  suppressed  side  modes,  one  must  select  lasers 
carefully.  To  evaluate  the  dynamics  of  the  side  modes,  one  can  measure  either  the 
time-resolved  photon  statistics  of  the  laser  output,  or  the  bit-error  rate  character- 
istics under  realistic  biasing  conditions 

8.4  J Chirping 

A laser  which  oscillates  in  a single  longitudinal  mode  under  CW  operation  may 
experience  dynamic  line  broadening  when  the  injcclion  current  is  directly  mod- 
ulated This  line  broadening  is  a frequency  "chirp"  associated  with  modula- 
tion-induced changes  in  the  carrier  density  Laser  chirping  can  lead  to  significant 
dispersion  effects  for  intensity-modulated  pulses  when  the  laser  emission  wave- 
length is  displaced  from  the  zero-dispersion  wavelength  of  the  fiber  This  is 
particularly  true  in  systems  operating  at  1550  nm.  where  dispersion  in  standard 
non-dispersion-shifted  fibers  is  much  greater  than  at  1300  nm 

To  a good  approximation,  the  time-dependent  frequency  change  Ai</)  of 
the  laser  can  be  given  in  terms  of  the  output  optical  power  /*</)  as6’ 

Av(f)  = ^ \~t  in  r<n  + (8-20 

where  a is  the  linemdth  enhancement  factor**  und  x is  a frequency-independent 
factor  that  depends  on  the  laser  structure.61  The  fuclor  a ranges  from  -3.5  to 
-5.5  for  AIGaAs  lasers67  and  from  -6  to  -8  for  InGaAsP  lasers  66 

One  approach  to  minimize  chirp  is  to  increase  the  bias  level  of  the  laser  so 
that  the  modulation  current  docs  not  drive  it  below  threshold  where  In  P and  P 
change  rapidly  However,  this  results  in  a lower  extinction  ratio  (in  this  case,  the 
ratio  of  on-state  power  to  off-state  power),  which  leads  to  an  extinction-ratio 
power  penalty  ut  the  receiver  because  of  a reduced  signal-to-hackground  noise 
ratio  This  penalty  could  be  several  decibels  Figure  8-17  gives  examples  of  this  for 
two  types  of  laser  structures  For  higher  extinction  ratios  (bias  points  progres- 
sivcly  lower  than  threshold),  the  extinction-ratio  power  penalty  decreases 
However,  the  chirping-induced  power  penalty  increases  with  lower  bias  levels. 

When  the  effect  of  laser  chirp  is  small,  the  eye  closure  A can  be  approxi- 
mated by63 

A = (^ it3  - Wa^DLB1  iA(l  +2(0L8a  - r^)]  (8-21) 

where  /ourp  is  the  chirp  duration.  B is  the  bit  rate.  P is  the  fiber  chromatic 
dispersion.  L is  the  fiber  length,  and  6k  is  the  chirp-induccd  wavelength  excursion 
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Extmciioft-ritio.  chirping.  and  lout-iyvicm  power  penalties  ai  1 550  mn  for  a 4-Cib  » tOWun*tai| 
iingle-motlc  link  having  a fiber  with  a Jitpcnmn  0=17  pa, >(11111  km)  am)  a DEB  laser  with  an  actrw 
layer  width  of  l-75/rm.  (Reproduced  with  permission  Iroai  Oorvtm  and  Koch."'  I 1987.  IEEE  1 

The  power  penalty  for  an  A PD  system  can  be  estimated  from  the  signal-to- 
noise  ratio  degradation  (in  dB)  due  to  the  signal  amplitude  decrease  as 

Pctnrp  = log(l  - A)  18-22) 

where  x is  the  excess  noise  factor  of  an  APD 

The  best  approach  to  minimizing  chirp  effects  is  to  choose  the  laser  emission 
wavelength  close  to  the  zero-dispersion  wavelength  of  the  fiber  Experiments  of 
this  type2®  have  shown  no  degradation  in  receiver  sensitivity  due  to  chromatic 
dispersion. 

Figure  8-18  illustrates  the  effects  of  chirping  at  a 5-Gb/»  transmission  rate  in 
different  single-mode  fiber  links. w Here,  the  laser  side-inode  suppression  is 
greater  than  30  dB.  the  buck-rcflcctcd  optical  power  is  more  than  30  dB  below 
the  transmitted  signal,  and  the  extinction  ratio  is  about  8 dB  At  1536  nm  the 
standard  non-dispersion-shifted  fiber  has  a dispersion  />  = 17.3  ps/{nm  km)  and 
the  dispersion-shifted  fiber  has  P = — l.0ps/(nm  km)  The  comhincd-fihcr  link 
consists  of  concatenated  standard  positive-dispersion  and  negative-dispersion 
fibers  This  leads  to  a spectral  compression  of  the  signal  so  that  dispersion  com- 
pensation occurs.  Thus.  Fig.  8-18  shows  the  dramatic  reduction  in  chirping  pen- 
alty when  using  u dispersion-shifted  liher.  or  when  combining  fibers  with  positive 
and  negative  dispersion. 
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The  effect*  of  chirping  at  5 -Ob*  in  dillcrcnl  imglc-rmuic  fiber  link*  The  b*cr  »nl<-  mode  tupprevuon  n 
- JO  dB,  the  rrflevtcil  power  ia  nuuc  than  W dB  below  the  transmittal  signal  and  the  extinction  ratio 
it  • * JB  At  UWi  nm  the  atnmUfd  fiber  ha*  P = |7  tp*/|nm  km)  and  the  dispersion-shifted  fiber 
has  D = -I  Ops/tnm  km)  (Reproduced  with  permission  from  Hodentann  " i 198».  lEEKi 


8.4.4  Reflection  Noise 

When  light  travels  through  a fiber  link,  some  optical  power  gels  reflected  at 
refractive-index  discontinuities  such  us  in  splices,  couplers,  and  filters,  or  at  air 
glass  interfaces  in  connectors  The  reflected  signals  can  degrade  both  transmitter 
and  receiver  performance. 4I,,W'71  In  high-speed  systems,  this  teflected  power 
causes  optical  feedback  which  can  induce  laser  instabilities  These  instabilities 
show  up  as  cither  intensity  noise  (output  power  fluctuations),  jitter  (pulse  distor- 
tion), or  phase  noise  in  the  laser,  and  they  can  change  its  wavelength,  linewidth. 
and  threshold  current  Since  they  reduce  the  signaI-to-noi.sc  ratio,  these  effects 
cause  two  types  of  power  penalties  in  receiver  sensitivities  First,  as  shown  in  Fig. 
8*19o,  multiple  reflection  points  set  up  an  interferometric  cavity  that  feeds  power 
back  into  the  laser  cavity,  thereby  converting  phase  noise  into  intensity  noise.  A 
second  effect  created  by  multiple  optical  paths  is  tire  appearance  of  spurious 
signals  arriving  at  the  receiver  with  variable  delays,  thereby  causing  intcrsymbol 
interference.  Figure  8-l9/»  illustrates  this. 

Unfortunately,  these  effects  arc  signal-dependent,  so  that  increasing  the 
transmitted  or  received  optical  power  does  not  improve  the  hit-error-rute  per- 
formance. Thus,  one  has  to  find  ways  to  eliminate  reflections.  Let  us  first  look 
at  their  magnitudes.  As  we  saw  from  Ecp  (5-10),  a cleaved  silica-fibcr  end  face  in 
air  typically  will  reflect  about 
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ia)  Two  refractive-index  diicontinuitie*  can  kI  up  multiple  reflection*  in  a Abet  link,  tfr i Lack 
rmindmp  between  reflection  point*  of  the  bade -transmitted  portion  of  a light  pulse  create*  another 
attenuated  anil  delayed  pulse,  which  can  cause  mimymbol  interference 


3.6  percent 


This  corresponds  to  an  optical  return  loss  of  14.4  tIB  down  from  the  incident 
signal  Polishing  the  fiber  ends  can  create  a thin  surface  layer  with  an  increased 
refractive  index  of  about  1.6.  This  increases  the  reflectance  to  5.3  percent  (a  12.7* 
dB  optical  return  loss).  A further  increase  in  the  optical  feedback  level  occurs 
when  the  distance  between  multiple  reflection  points  equals  an  integral  number  of 
hulf-wavclcngths  of  the  transmitted  wavelength  In  this  case,  all  roundtnp  dis- 
tances equal  an  integral  number  of  in-phase  wavelengths,  so  that  constructive 
interference  arises  This  quadruples  the  reflection  to  14  percent  or  8.5  dB  for 
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unpolished  end  faces  and  to  over  22  percent  (a  6.6-dB  optical  return  loss)  for 
polished  end  faces. 

The  power  penalties  can  be  reduced  to  a few  tenths  of  a decibel  by  keeping 
the  return  losses  below  values  ranging  from  -15  to  -32  dB  for  data  rates  varying 
Siam  500  Mb/s  to  4 Ob/s,  respectively ,M  Techniques  for  reducing  optical  fccdbuck 
include  the  following: 

I.  Prepare  fiber  end  faces  with  a curved  surface  or  un  angle  relative  to  the  laser 
emitting  facet.  This  directs  reflected  light  away  from  the  fiber  axis,  so  it  docs 
not  re-enter  the  waveguide  Return  losses  of  45  dB  or  higher  can  be  achieved 
with  end-face  angles  of  5-15'  However,  this  increases  both  the  insertion  loss 
and  the  complexity  of  the  connector. 

1 Use  index-matching  oil  or  gel  at  air-glass  interfaces  The  return  loss  with  this 
technique  is  usually  greater  than  30  dB.  However,  this  inay  not  be  practical  or 
recommended  if  connectors  need  to  be  remalcd  often,  since  contuminants  can 
collect  on  the  interface 

3.  Use  connectors  in  which  the  end  faces  make  physical  contact  (the  so-called 
PC  connectors)  Return  losses  of  25-40  dB  have  been  measured  with  these 
connectors. 

4.  Use  optical  isolators  within  the  laser  transmitter  module  These  devices  easily 
achieve  25-dB  return  losses,  but  they  also  can  introduce  up  to  I dB  of  forwurd 
loss  in  the  link 


PROBLEMS 

H.  Moke  a graphical  comparison,  os  in  Fig  8-4.  and  a spreadsheet  calculation  of  the 
maximum  attcnualion-limitcd  transmission  distance  of  the  following  two  systems 
operating  at  100  Mb  s 
System  I operating  ut  830  nm 

(a)  GaAIAs  laser  diode  0-dBm  ll-mW)  fiber -coupled  power 
(<»)  Silicon  avalanche  photodiode  -50-dBm  sensitivity 
<c)  Grttded-indcx  fiber  3.5-dB  km  attenuation  at  850  nm. 

(i/l  Connector  loss:  I dB  connector. 

System  2 operating  at  1300  nm 

(at  InGaAsP  l.FD  - li-dBm  fiber -coupled  power 

(M  lnGaAs  pin  photodiode  -38-dBtn  sensitivity. 

(e)  Graded-index  fiber  I 5-dB/km  attenuation  ut  1300  nm. 

(</)  Connector  loss.  1 dB  connector. 

Allow  a 6-dB  system  operating  margin  in  each  cose 
8-1  An  engineer  has  the  following  component*  uvaiUblc 

(a)  GaAIAs  laser  diode  operating  at  850  nm  and  capable  of  coupling  I mW  (0 
dBm  I into  a fiber. 

(61  Ten  sections  of  cable  each  of  which  is  500  m long,  as  a 4-dB'km  attenuution. 
and  has  connectors  on  both  ends 
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(r)  Connector  loss  of  2 dB  connector 
<</>  A pm  photodiode  receiver. 

(r>  An  avalanche  photodiode  receiver 

Using  these  components,  the  engineer  wishes  to  construct  a 5-km  link  operating  it 
20  Mb  s.  If  the  sensitivities  of  the  pin  and  APD  receivers  are  -45  and  -5b  dBm, 
respectively,  which  receiver  should  he  used  if  a 6-dB  system  operating  margin  it. 
required? 

Using  the  step  response  g(r),  show  that  the  Iff-  to  90-percent  receiver  nsc  tune  is 
given  by  Eq  (K-4) 

(oj  Verify  Eq  (8-12). 

(/>)  Show  that  Eq  (K-14)  follows  from  Eqs  (8  10)  und  (K- 1 3>. 

Show  that,  if  r,  is  the  full  width  of  the  gauvxian  pulse  in  Eq  (8-9)  at  the  l/e  points 
then  the  relationship  between  the  3-dB  optical  bandwidth  and  f,  is  given  by 


8-6.  A 90-Mb  * NRZ  data  transmission  system  that  sends  two  DS3  channels  use*  t 
GaAIAs  laser  diode  that  hus  a 1-nm  spectral  width  The  rue  time  of  the  liner 
transmitter  output  is  2 ns  the  transmission  distance  is  7 km  over  a graded-ioda 
fiber  that  has  an  800-MHr  km  bandwidth  distance  product 
t«)  If  the  receiver  bandwidth  i*  90  MU/  and  the  mode-miting  factor  (/  =0.7.  what 
tv  the  system  rise  time'’  Does  this  rise  tunc  meet  the  NRZ  data  requirement  of 
being  less  than  70  percent  of  a pulse  width? 

( h ) Wh.it  is  the  system  rise  lime  if  there  is  no  mode  mixing  in  the  7-km  link,  that  u. 
V=  1.0? 

8-7.  Verify  the  plot  in  Fig  8-5  of  the  transmission  distance  versus  data  rate  of  the 
following  system  The  transmitter  r»  a GaAIAs  laser  diode  operating  at  850  tun 
The  laser  power  coupled  into  a fiber  llvlead  is  0 dBm  ll  mWi.  and  the  souret 
spectral  width  is  I rnn  The  fiber  has  a 3 5-dB  km  attenuation  at  850  nm  and  a 
bandwidth  of  8(81  MHz  km  The  recover  uses  a silicon  avalanche  photodiode 
which  has  the  sensitivity  versus  data  rate  shown  in  Eig  8-3  For  simplicity,  the 
receiver  sensitivity  (in  dBrnl  can  be  approximated  from  curve  fitting  by 

Pa  = 9log  B — 68.5 

where  H is  ihc  dala  rate  in  Mb  s For  the  data  rate  range  of  I 1000  Mb  s.  plot  the 
attenuation-limited  transmission  distance  (including  a 1-dB  connector  loss  at  each 
end  and  a 6~dR  system  margin)  the  modal  dispersion  limit  for  full  mode  mixing 
(g  = 0.5).  Ihc  modal  dispersion  limit  for  no  mode  mixing  (g  = 1 .0),  and  the  material 
dispersion  limit 

8-8.  Make  a plot  analogous  to  Eig.  8-5  ol  the  transmission  distance  versus  data  rate  of 
the  following  system  The  transmitter  is  an  InGaAsP  LED  operating  at  1300  nm 
The  fiber-coupled  power  from  this  source  is  13  dBm  i50/iWi.  and  the  source 
spectral  width  is  40  nm  The  fiber  ha*  a I 5-dB  km  attenuation  at  1 300  nm  and  a 
bandwidth  of  H00  MH/  km  The  receiver  uses  an  InGaAv  pin  photodiode  which 
lias  the  sensitivity  versus  data  rjtc  shown  in  E‘ig  8-3  For  simplicity,  the  receiver 
sensitivity  (in  dBm)  can  he  approximated  from  curve  fitting  by 

P*  — 1 1 .5 log  B — 60.5 
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where  B is  the  data  rate  in  Mb  s.  For  the  data  rate  range  of  10  1000  Mb  s.  plot  the 
attenuation-hunted  transmission  distance  (including  a 1-dB  connector  loss  at  each 
end  and  a 6-dB  system  margin),  the  modal  dispersion  limit  for  no  mode  mixing 
(q  - 1.0),  and  the  modal  dispersion  limit  for  full  mode  mixing  (<f  -0.5),  Note  that 
the  material  dispersion  is  negligible  in  this  case,  as  can  be  seen  from  Fig  3-1 3 
8-9.  A 1550-nm  single-mode  digital  fiber  optic  link  needs  to  operate  at  622  Mb  * oxer  80 
km  without  amplifiers.  A single-mode  InGaAsP  laser  launches  an  average  optical 
power  of  13  dBm  into  the  fiber  The  fiber  has  a loss  of  0.35  dB.  km.  and  there  is  a 
splice  with  a loss  of  0. 1 dB  every  kilometer,  The  coupling  Iota  at  the  receiver  is  0.5 
dB.  and  the  receiver  iocs  an  InGaAs  APD  with  a sensitivity  of  -39  dBm  Kxccss- 
noise  penalties  are  predicted  to  be  I 5 dB  Set  up  an  optical  power  budget  for  this 
link  and  find  the  system  margin  What  is  the  system  margin  at  2.5  CJb  s with  an 
APD  sensitivity  of  -31  dBm? 

8-10.  A popular  RZ  code  used  in  fiber  optic  sy  stems  is  the  optical  Manchester  code  This 
is  formed  by  direct  mixlulo-2  addition  of  the  baseband  INRZ-L)  signal  and  a 
double-frequency  dock  signal  as  is  shown  m Fig.  8-9  Using  this  scheme,  draw 
the  pulse  train  for  the  data  string  001 101 1 1 1001 
HI.  Design  the  encoder  logic  for  an  NRZ-to-opt»cal  Manchester  converter 
8-12.  Consider  the  encoder  shown  in  Fig.  P8-I2  that  changes  NRZ  data  into  a PSK 
Iphase-shtfl-keyed)  waveform  Using  this  encoder,  draw  the  NRZ  and  PSK  wave- 
forms for  the  data  sequence  000 101 1 101 00 1 1 0 1 . 


8-13.  A 3B4B  code  converts  blocks  of  three  binary  symbols  into  blocks  of  four  binary 
digits  according  to  the  translation  rules  shown  in  Table  P8-I3  When  there  arc  two 
or  more  consecutive  blocks  of  three  reros,  the  coded  binary  blocks  0010  and  1 101 
arc  used  alternately  Likewise,  the  coded  blocks  101 1 and  0100  are  used  alternately 
for  consecutive  hlocks  of  three  ones. 

(at  Using  these  translation  rules,  find  the  coded  btl  stream  for  the  data  input 


010001 1 1 1 1 1 1 tOIOOOOOOOOl  1 1 1 1 10 
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1 AHLE  P8-13 


Original  cod* 

3R4H  Code 

Mode  1 

Mode  2 

ODD 

0010 

not 

001 

non 

010 

0101 

Oil 

0110 

100 

1001 

101 

1010 

110 

1100 

til 

1011 

0100 

(ft)  Whm  is  the  maximum  number  of  consecutive  identical  bits  in  the  coded  pat- 
tern'’ 

8-14.  Consider  Eq  (8-19)  for  the  power  penalty  caused  by  laser  mode-partition  none 
(a)  Plot  the  power  penalty  (in  dB)  as  a function  of  the  factor  Bl.Da,  (ranging  from 

0 to  0.2)  at  a I0~‘°  BE R for  modc-puriition-noi.sc  factors  A = 0.4.  0.6.  0.8.  unii 

1 when  using  an  InGaAs  APD  with  x = 0.7. 

(/>)  Given  that  a multimode  laser  has  a spectral  width  of  2.0  nm.  what  arc  tbc 
minimum  dispersions  required  for  100-krn  spans  operating  at  155  Mb/s  and 
622  Mb/s  with  a 0.5-dB  power  penalty1 

8-15.  (a)  Using  Eq,  (8-21 ).  plot  the  chirp-induced  power  penalty  in  decibels  as  a function 
of  the  factor  DL6k  (product  of  the  total  dispersion  and  wavelength  excursion) 
for  the  following  parameter  values  (let  DLtk  range  from  0 to  1 5 ns) 

( 1 ) r^  = 0 I ns  and  B = 2.5  Gb's 

(2)  i,:h„P  =01  ns  and  B = 622  Mb/s 

(3)  = 0 05  ns  and  fl  = 2.5  Gb/s 

(4)  ic turp  = 0 05  ns  and  B = 622  Mb/s 

(t>)  Find  the  distance  limitation  at  2.5  Gb/s  if  a 0 5-dB  power  penalty  is  allowed 
with  D = I 0 ps/(nm  km)  and  6k  = 0.5  nm. 


REFERENCES 

I K Ogawu,  L.  L).  t /eng.  Y K Park,  and  H Sane,  “Advances  in  high  bit-rale  transmission 
systems."  in  I P Kaminow  and  I L Koch.  edi..  Optical  Fiber  rrlmmunurw  .numt  — lll.i. 
Academic  New  York.  1997,  pp  336-372- 

2.  P S Henry.  R A.  Llnke.  and  A H.  Gnauck.  "Introduction  to  lightwave  systems."  in  S E Miller 
and  I.  P Kaminow.  cds.,  Optical  Fiber  Felecammutucaltant  II,  Academic.  New  York.  198* 

3.  I Jacobs.  “Design  considerations  for  long-hnul  lightwave  systems."  IEEE  J Sel . Areiu  Cnmrmm . 
vol  4.  pp  I3B9  1395.  Dee  1986 

4 D H Rice  and  li  E.  Krtscr.  “Appbcutions  of  fiber  optics  to  tactical  communication  syiitnu 
IEEE  Cammun  Map.,  vol.  23,  pp  46-57.  May  19*5. 

5.  T Kimura.  "Factors  afTccnitg  flher -optic  transmission  quality.”  J.  Uphtware  Tech.,  vol.  6,  pp 
611-619.  May  19** 

6.  D J.  II  Maclean.  Optical  Line  Syitem s,  Wiley.  New  York.  1996 

7 P Bell.  K Cobb,  and  J Peacock.  “Optical  power  budgrt  calculating  tool  for  fibre  in  the  access 
network."  BTTrcImal  J..  vol.  14.  pp  116  120.  Apt  1996 


AfruuiwcES  3: 


8 J Power*.  An  InimJuctton  In  Fiber  Optic  Syitrnu,  Irwin.  Chicago.  2nd  ed-.  1997 

9 A B.  Carlson,  Communication  Systems.  McGraw-Hill,  New  York.,  3rd  ed.  I9R6 

10  M Eve  "Multipath  time  dispersion  theory  of  an  optical  network.”  Opt  Quantum  Btcltvn  . vo|, 
10.  pp  45-51.  Jan  1978 

11  J V W right  and  B P Nelson.  "Bandwidth  studies  of  concatenated  multimode  fiber  link*.”  Tech 
Die  Syntp  an  Optical  Fiber  Measurement! . N IIS  Special  Publ  641.  pp  9-12.  Oct  I MM2. 

12-  T Kattada.  “Evaluation  of  modal  none  m multimode  fiber-optic  systems."  J.  Lightwave  Tech., 
vol.  2,  pp  II  I*.  Feb  19*4 

13  D A Nolan.  R M Hawk,  and  D H Keck,  Multimode  concatenation  unstlal  group  anal**!*.” 
J Lightwave  Tech.  vol.  }.  pp  1727-1732.  Dec  1987 

14  K D de  la  Igicsia  and  E T 5rpuane,  “Dispersion  statistic*  in  concatenated  angle-mode  fiber*.  ” 
J.  Ughrwave  Tech.,  vol.  $,  pp  1768-1772.  Doc  1987 

13  P M Rodhe.  “The  bandwidth  of  a multimode  fiber  chain.”  J Lithtssxtvr  Tech  . vol  3.  pp  MS- 
154.  Feb  1985. 

16  J Midwinter.  Optica!  Fibers  far  Trinumusum.  Wiley.  New  York.  1979 

17  C E.  Shannon.  "A  mathematical  theory  of  communication,’'  Bell  Sir.  Tech  1 . pan  I in  vol,  27. 
pp.  379-423.  July  I94*  and  pari  2 in  vol  27  pp  62.3-656  Oct  1*>4K,  "Communication  in  the 
pretence  of  noise,”  Proc  IKE.  vol  37.  pp  10  21.  Jan  1949 

1*  R C Houti  and  T,  A Green.  “Comparing  handwidth  requirements  for  binary  baseband  signals." 
IEEE  Trans  Commim . vol  COM-21,  pp  776-781.  June  1973 

19  A J Jem.  "The  Shannon  sampling  theory— it*  various  extensions  and  applications  A tutorial 
review,  Prnc  IEEE  , vol  65,  pp  1565-1396.  Nov  1977 

20  T V Much  and  J L Hullett,  "Receiver  design  for  multilevel  digital  fiber  optic  sy'slems,”  IEEE 
Trans  Common.,  vol  COM-23,  pp  987-994,  Sept  1975 

21  L W Couch  II,  Digital  ami  Analog  Communication  Systems.  Picniiet  Hull.  Upper  Saddle  River, 
NJ,  5th  ed.,  1997 

22  1 A Lee  and  tL  G.  Messer schmitt.  Digital  Communkatusns.  Kluwer  Academic,  Boston.  2nd  cd  . 
1993. 

23  H Taub  and  D.  L Schilling.  Principles  of  Communication  Systems.  McGraw-Hill.  New  York.  2nd 
cd,  1986 

24  S.  Haykin.  Communication  Systems.  Wiley,  New  York.  3rd  cd.  1994 

25  T Matvuda.  A Naka.  and  S Sailo,  ’Comparison  between  NR/  and  RZ  signal  formats  for  in-line 
amplifier  transmission  in  the  zero-dispersion  region."  J Lightwave  Tech  . vol  16.  pp  34t>  348. 
Mai  1998 

26  J,  E Savage,  "Some  simple  self-synchronizing  digital  data  assemblers  " Bell  Syi  Tech,  J vol  46, 
pp  449-487.  Feb  1967. 

27  R D Glihn  and  J I Huycn,  “Timing  recovery  and  scrambler*  in  data  transmission,"  Bell  Syi. 
Tech  J vol  54.  pp  <69-593.  Mar  1975. 

2H  B Sklar,  Digital  Communications , Prentice  Hall.  Upper  Saddle  River.  NJ.  1988. 

29  Y Takasakt.  M Tanaka.  N Macda.  K 5 amavhua.  and  K Nagano.  "Optical  pulse  formats  for 
fiber  optic  digital  communications.'  IEEE  Trans  ( imtmun  vol,  COM- 24.  pp  404  413.  Api 
1976. 

3I>  E Meissner.  H Rndlcr,  and  M Lades.  "Pattern  independent  2.5-Ghi*  AMI-CPFSK  transmission 
with  -44  dBm  receiver  sensitivity,"  Electron  Lett,  vol,  30.  pp  345  346.  Ecb  1994, 

31  S I*.  Matumder.  K Gangopudhyay.  and  G.  Prati.  Effect  of  line  coding  on  heterodyne  t-SK 
optical  systems  with  nonuniform  laser  EM  response,"  IEE  Prat  Opiiselcartm..  vol  Ml.  pp 
200-208.  June  1994 

32  N L Swenson  and  J M.  CiolTi.  “Sliding-block  line  codes  lo  increase  dispersion-limited  distance 
of  optical  fiber  channels,"  IEEE  J Sri.  Arras  Common  vol  13,  pp  486-498,  Apr  199.5 

33  A J.  Phillips.  R A C'ryan.  and  J M Senior,  "Optically  preamplilkd  pulse-position  modulation 
for  libte-optic  communication  systems."  IEE  Pros'  A)ptorlectron  . vol  143.  pp  153  159,  Apr 
1996 

U W A Krvznuen,  "Transmission  pctformance  analysis  of  a new  class  of  line  codes  for  opticnl  fiber 
system*,"  IEEE  Trans  Ctmtmun  . vol.  37,  pp  402-404.  Apr  19*9 


356  oiuitai  nwNMmwoN  systems 


35  M Rousseau.  "Block  codes  for  optical  fibre  communications."  EJrctran  Leu  vol.  12.  pp  478- 
479.  Sept  1976 

36  R Petrovic,  "5BhB  optical-fiber  line  code  beating  auxiliary  signals, ” Electron  Lett  , vol  24.  pp 
274-275,  Mar  1988 

37  R.  Fetrovic.  "Low  redundancy  optical-fibre  line  code.”  J,  Opt.  Common . vol  9.  pp  108-1 II. 
Sept  1988 

38  S Saunders.  The  hfeCraw-HUI  High-Speed  LA  Si  Handbook,  McGraw-Hill.  New  York.  1996 

39  A.  M Michel  von  and  A H Levesque.  Error-Control  Technique*  for  Digital  Communicatumi 
Wiley,  New  York.  1985 

40  W.  D Grover.  "Forward  error  correction  In  dispersion-limited  lightwave  systems."  J Ughtwim 
Terh  , vol  6.  pp  643-654.  May  1988 

41  E W Hicruck.  "Performance  of  forward  error  correction  in  an  A I'M  envuoomenl."  IEEE  J Set 
lira  Cimimun . vol.  II,  pp  631-640,  May  1993 

42  S -M  Let,  "Forward  error  correction  codes  for  MFEG2  over  ATM.”  IEEE  Tram,  Occurs  Sn 
far  Vidro  Te  h . vol  4.  pp  200  203.  Apr  1994 

43.  K -P  Ho  and  C.  Lin.  "Performance  analysis  of  optical  Iranimtisian  system  with  pobinrattois- 
mode  dispersion  and  FEC,"  IEEE  Photonic*  Tech  Lett . vol  9.  pp.  1288-1290.  Sepi  1997 

44  (a!  M Tonu/awii.  Y Yamabayasht.  k Muraia,  T,  Ono.  Y.  Kuhayashi.  and  K Hagimoto,  “FEC 

code  for  arbitrary  multiplexing  levels  in  SDH  fibre-optic  transmission  systems,"  Electron 
Leu  . vol  31.  pp  662-663.  Apr  1995;  “FEC  codes  in  synchronous  fiber  optic  transmission 
systems."  J Lightwave  Treh . vol  15,  pp  43-52.  Ian  1997 
(Al  M Tomisawa.  1C  Murata.  Y Miyamoto.  Y Yamabayasht.  Y Kobaynsiti.  and  K Hapmoto. 
"STM-64  linearly  repeutered  optical  transmission  r.spcnmrni  using  forward  error  correcting 
codes."  Electron  Lett  . vol.  31.  pp  I0UI-UJ03.  June  I99J 

45  P E.  Couch  and  R E Epworth.  "Reproducible  modal  notse  measurements  in  system  design  and 
analysts."  J Lightwave  Tech.,  vol  LT-I  pp  591  595.  Dec  1983 

46  F M Sears.  I A White,  R B Rummer,  and  F T Stone.  "Probability  of  modal  none  in  single 
mode  lightguidc  systems.”  J.  Lightwave  Tech-,  vol  LT-4.  pp  652-655.  June  1986 

47  K Ptiermann  and  G.  Arnold.  "Noise  and  distortion  characteristics  of  semiconductor  lasers  ui 
optical  fiber  communication  systems."  IEEE  J Quantum  Electron  , vol  QE-18,  pp.  543-554,  Apt, 
1982 

48  AMI  Koonen  "Bit-crror-rate  degradation  in  a multimode  flhcr  optic  transmission  link  due  in 
modal  noise."  IEEE  J Sel  Area*  t .mmua  , vol  SAC-4,  pp  ISIS- 1 522.  Dec  1986 

49  P Chan  ami  1 T Tjhutig.  "Bit -error -rate  performance  foi  optical  fiber  systems  with  modal 
notse,"  J Lightwave  Tech,,  vol.  7.  pp  1285- 1289.  Sept  1989 

50  P M.  Sltankat.  "Bit-crror-raic  degradation  due  lo  modal  noise  in  single-mode  fiber  optic  com- 
munication systems."  J Opt.  Catnmun  . vol  10.  pp  19  -23.  Mar  1989 

51  N H Jcmen.  H CHesen.  and  K E.  Stubkjacr.  "Partition  noise  tn  semiconductor  lasers  under  CW 
and  pulsed  operation."  IEEE  J Quantum  Electron  . vol  QE-18,  pp  71-80.  Jan  1987. 

52  M Ohtsu  and  Y Teranutcht.  "Analyses  of  mode  partition  und  mode  hopping  m semiconductor 
lasers.  IEEE  i Quantum  Elec  tron  . vol  25,  pp  31  -38,  Jan  1989 

53  C H Henry.  P.  S Henry,  and  M Las.  "Parution  fluctuations  tn  nearly  single  longitudinal  mode 
lasers,”  J,  lightwave  Tech , vol  LT-2,  pp  209-216,  June  1984 

54  F F Kitsch.  R f Kearns.  and  T G Brown,  "Thr  influence  of  mode  partition  fluctuations  m 
nearly  m n gle  • Ion  gi  l udni.d - m ode  lasers  on  recover  senatuvity,  J Lightwave  Tech-  vol.  LT-4.  pp 
516  519.  May  1986 

55  J.  C Cartkdge,  "Performance  implications  of  mode  partition  fluctuations  in  nearly  single  longi- 
tudinal mode  lasers."  J Lightwave  Tech  . vol  6.  pp  626-635.  May  1988 

56  K Ogawa.  "Analysis  of  mode  partition  notse  in  laser  transmission  systems."  IEEE  J Quantum 
Electron . vol  Qfc-18.  pp  849-855,  May  1982 

57  N A Olsson.  W T 1’sang.  H fernkm.  N k Dultu.  and  R A Logan.  "Bit-ctror-rale 
saturation  due  to  mode-partition  noise  induced  by  optical  feedback  m I 5»im  single 
longitudliul-tnnde  C'  and  DFB  semiconductor  lasers."  J lightwave  Tech,  vol  LT-3,  pp 
215-218.  Apr  1985 


M-raiEHcts  357 


58  S E-  Millet  "On  the  infection  Usei  contribution  to  mode  partition  noise  in  fiber  telecommunica- 
tion systems,”  IEEE  J Quantum  Electron  , vol  25.  pp,  1771-1781.  Aug.  1989 

59  R Heidemann.  "Investigations  on  the  dominant  dispersion  penalties  occurring  in  mulligigjhil 
direct  detection  systems,"  J Lightwave  Trek  , vol.  6.  pp.  1693-1697,  Nov.  1988 

M R A Link*.  "Modulation  induced  umimciw  cbupwtg  «t  vngte  ltet\uew:y  Um"  IEEE  J 
Quantum  Eire  trail,  vol  QE-21.  pp  593-597,  June  1985 

61  Y Yoshikum  and  C.  Motosugi,  "Multielectrodc  distributed  feedback  Usct  for  pure  frequency 
modulation  and  chirping  suppressed  amplitude  modulation."  J Lightwave  Tech . vol  l.T-5.  pp 
516-522.  Apr  1987 

62  S.  Yamamoto.  M Kuwa/uru,  H.  WakabayashL  and  Y.  Iwamolo.  "Analysis  of  chirp  power 
penalty  in  l,55*/rm  DFB-LO  highspeed  optical  fiber  transmission  systems.”  J Ughtwaiv 
Tech,  vol  LT-5.  pp  1518-1524.  Oct  1987 

63  F.  J Comm  and  T L.  Koch.  “Computer  simulation  Of  high-bit-ralc  optical  fiber  transmission 
using  single-frequency  lasers  " J Lightwave  Tech-,  vol.  LT-5.  pp  1591-1595.  Nov,  |987 

64  J.  C Cart  ledge  and  G S Burley.  "The  effect  of  laser  chirping  on  lightwave  system  performance," 
J.  Lightwave  Tech  , vol  7.  pp  568  573,  Mar  1989 

65  G Yubrc.  "Effect  of  relatively  strong  light  infection  on  the  chirp* lo-powcr  ratio  and  the  3-d B 
bandwidth  of  directly  modulated  semiconductor  lasers.”  ) Lightwavr  Trch..  vol  14.  pp  2367 
2373.  Oct  1996 

66  C H Henry*  “Theory  of  the  lincssidih  of  semiconductor  lasm"  IEEE  J Quantum  Election  , vol 
QE- 1 8,  pp  259-264.  Feb  1982. 

67.  C H Harder.  K Vahala,  and  A.  Yariv.  "Measurement  of  the  linewtdth  enhancement  (actor  of 
semiconductor  lasers,"  Appl  Pkyt.  Lett,,  vol  42.  pp.  328-330.  Apr,  1983 

6k  R Schtmpc  I.  E.  Bowen,  and  T L Koch.  Characten/ation  of  frequency  response  of  1.5-jjtn 
InGuAiR  DE  B laser  diode  and  InGoAs  PIN  photodiode  by  heterodyne  measurement  technique." 
Electron  l*tt.,  vol  22.  pp  453-454,  Apr  24.  1986 

69  M Shikada.  S.  Tnkano,  S Fup la.  I Mito,  and  K Mmemuru,  "Evaluation  of  power  penalties 
caused  by  feedback  noise  of  distributed  feedback  laser  diodes,"  J Lightwave  Tech,,  vol  6.  pp 
655-659.  May  1988 

70  VI  Nakazawa,  "Rayleigh  bockscattering  theory  for  single-mode  fibers,"  J Opt.  Soc.  Amer . vol 
73.  pp  1 175-  l ISO.  Sept  1983 

71  l‘  Wan  and  J Conradl,  "Impact  of  double  Rayleigh  backscatter  noise  cm  digital  and  analog  fiber 
systems."  J Lighlnaie  Tech.,  vol.  14.  pp  288-297,  Mar  1996 


CHAPTER 

9 


ANALOG 

SYSTEMS 


In  telecommunication  networks  the  trend  has  been  to  link  telephone  exchanges 
with  digital  circuits.  A major  reason  For  this  was  the  introduction  of  digital 
intcgratcd-arcuit  technology  which  ofFered  a reliable  and  economic  method  of 
transmitting  both  voice  and  data  signals  Since  the  initial  applications  of  fiber 
optics  were  to  telecommunication  networks,  its  first  widespread  usage  has 
involved  digital  links.  However,  in  many  instances,  it  is  more  advantageous  to 
transmit  information  in  analog  form  instead  of  first  converting  K to  a digital 
format  Some  examples  of  this  urc  microwave-multiplexed  signals.'  subscriber 
services  using  hybrid  liber  coax  (HFC).:  video  distribution.' 4 antenna 
remoling.ift  and  radar  signal  processing  J For  most  analog  applications,  one 
uses  laser  diode  transmitters,  so  we  shall  concentrate  on  this  optical  source  here. 

When  implementing  an  analog  fiber  optic  system,  the  main  parameters  one 
needs  to  consider  arc  the  carncr-lo-noise  ratio,  bandwidth,  und  signal  distortion 
resulting  from  nonlmearities  in  the  transmission  system.  Section  9 I describes  the 
general  operational  aspects  and  components  of  an  analog  fiber  optic  lint. 
Traditionally,  in  an  analog  system,  a camcr-to-noise  ratio  analysis  is  used  instead 
of  a si  gnal-to- noise  ratio  analysis,  since  the  information  signal  is  normally  super- 
imposed on  a radio-frequency  i RF)  earner.  Thus,  in  Sec.  9.2  we  examine  earner- 
to-noisc  ratio  requirements.  This  is  first  done  for  a single  channel  under  the 
assumption  that  the  information  signal  is  directly  modulated  onto  an  optical 
earner. 

For  transmitting  multiple  signals  over  the  same  channel,  one  can  use  a 
subcurricr  modulation  technique  In  this  method,  which  is  desenbed  in  See  9.J, 
the  information  signals  arc  first  superimposed  on  ancillary  RF  subcamcrs  These 
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earners  arc  then  combined  and  the  resulting  electrical  signal  ts  used  to  modulate 
the  optical  carrier  A limiting  factor  in  these  systems  is  the  signal  impairment 
arising  from  harmonic  and  intermodulation  distortions 

9.1  OVERVIEW  OF  ANALOG  LINKS 

Figure  9-1  shows  the  basic  elements  of  an  analog  link  The  transmitter  contains 
either  an  LED  or  a laser  diode  optical  source.  As  noted  in  Sec.  4.4  and  shown  in 
Fig.  4-35.  in  analog  applications,  one  first  sets  a bias  point  on  the  source  approxi- 
mately at  the  midpoint  of  the  linear  output  region  The  analog  signal  can  then  be 
sent  using  one  of  several  modulation  techniques.  The  simplest  form  for  optical 
fiber  links  is  direct  intensity  modulation,  wherein  the  optical  output  from  the 
source  is  modulated  simply  by  varying  the  current  around  the  bias  point  in 
proportion  to  the  message  signal  level  Thus,  the  information  signal  is  transmitted 
directly  in  the  baseband 

A somewhat  more  complex  but  often  more  efficient  method  is  to  translate 
the  baseband  signal  onto  an  electrical  subcarricr  prior  to  intcnstt>  modulation  of 
the  source.  This  is  done  using  standard  amplitude-modulation  (AM),  frequency- 
modulation  (EM),  or  phase-modulation  (PM)  techniques.10"  No  matter  which 
method  is  implemented,  one  must  pay  careful  attention  to  signal  impairments  in 
the  optical  source  These  include  harmonic  distortions,  intcrmodulntion  products, 
relative  intensity  noise  (RIN)  in  the  laser,  and  laser  clipping.1*’ 

In  relation  to  the  fiber-optic  clement  shown  in  Fig  9-1.  one  must  take  into 
account  the  frequency  dependence  of  the  amplitude,  phase,  and  group  delay  in  the 
liber  Thus,  the  fiber  should  have  a flat  amplitude  and  group-delay  response 
within  the  passbund  required  to  send  the  signal  free  oflincar  distortion.  In  addi- 
tion. since  modal-distortion-hmitcd  hundwidth  is  difficult  to  equalize,  it  is  best  to 
choose  a single-mode  fiber  The  fiber  attenuation  is  also  important,  since  the 
carricr-to-noise  performance  of  the  system  will  change  as  a function  of  the 
received  optical  power. 

The  use  of  an  optical  amplifier  in  the  link  leads  to  additional  nutsc.  known 
as  amplified  spontaneous  emission  (ASE),  us  is  described  in  Chap.  II.  In  the 
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carrier*  arc  then  combined  and  the  resulting  electrical  signal  is  used  to  modulate 
the  optical  carrier.  A limiting  factor  in  these  systems  is  the  signal  impairment 
arising  from  harmonic  and  intcrmodululion  distortions 

9.1  OVERVIEW  OF  ANALOG  LINKS 

Figure  9-1  shows  the  basic  elements  of  an  analog  link.  The  transmitter  contains 
either  an  LED  or  a laser  diode  optical  source  As  noted  in  Sec  4.4  and  shown  in 
Fig  4-35,  in  analog  applications,  one  first  sets  a bias  point  on  the  source  approxi- 
mately at  the  midpoint  of  the  linear  output  region.  The  analog  signal  can  then  be 
sent  using  one  of  several  modulation  techniques.  The  simplest  form  for  optical 
fiber  links  is  direct  intensity  modulation,  wherein  the  optical  output  from  the 
source  is  modulated  simply  by  varying  the  current  around  the  bias  point  in 
proportion  to  the  message  signal  level  Thus,  the  information  signal  is  transmitted 
directly  in  the  baseband 

A somewhat  more  complex  but  often  more  efficient  method  is  to  translate 
the  baseband  signal  onto  an  electrical  subcarricr  prior  to  intensity  modulation  of 
the  source.  This  is  done  using  standard  amplitude-modulation  (AM),  frequency- 
modulation  (FMt.  or  phase-modulation  (PM)  techniques.10  11  No  matter  which 
method  is  implemented,  one  must  pay  careful  attention  to  signal  impairments  in 
the  optical  source.  These  include  harmonic  distortions,  intcrmodululion  products, 
relative  intensity  noise  (RIN)  in  the  laser,  and  laser  dipping. ,J 

In  relation  to  the  fiber-optic  element  shown  in  Fig.  9-1.  one  must  take  into 
account  the  frequency  dependence  of  the  amplitude,  phase,  and  group  delay  in  the 
fiber  Thus,  the  fiber  should  have  u fiat  amplitude  and  group-delay  response 
within  the  passband  required  to  send  the  signal  free  of  linear  distortion  In  addi- 
tion. since  modal-distortion-limitcd  bandwidth  is  difficult  to  equalize,  it  is  best  to 
choose  a single-mode  fiber  The  fiber  attenuation  is  also  important,  since  the 
camer-to-noise  performance  of  the  system  will  change  as  a function  of  the 
received  optical  power. 

The  use  of  an  optical  amplifier  in  the  link  leads  to  additional  noise,  know  n 
as  amplified  spontaneous  emission  (ASE),  os  is  described  in  Chap.  II  In  the 
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optical  receiver,  the  principal  impairments  are  quantum  or  shot  noise.  APD  gam 
noise,  and  thermal  noise 


9.2  CARRIF.R-TO-NOISE  RATIO 

In  analyzing  the  performance  of  analog  systems,  one  usually  calculates  the  ratio 
of  rms  carrier  power  to  rms  noise  power  at  the  input  of  the  RF  receiver  following 
the  photodctection  process.  This  is  known  as  the  carrier-to-nolst  ratio  (CNR)  Lei 
us  look  at  some  typical  CNR  values  for  digital  and  analog  data.  For  digital  data, 
consider  the  use  of  frequency -shift  keying  (FSK).  In  this  modulation  scheme,  the 
amplitude  of  n sinusoidal  earner  remuins  constant,  but  the  phase  shifts  from  one 
frequency  to  another  to  represent  binary  signals.  For  FSK.  BERs  of  10'*  urn) 
10  translate  into  CNR  values  of  16  (15.6  dB)  and  64  (18  0 dB),  respectively. 
The  analysis  for  analog  signals  is  more  complex,  since  it  sometimes  depends  on 
user  perception  of  the  signal  quality,  such  as  in  viewing  a television  picture  A 
widely  used  analog  signal  is  a 525-line  studio-quality  television  signal  Using 
amplitude  modulation  (AM)  for  such  a signal  requires  a CNR  of  56  dB.  since 
the  need  for  bandwidth  efficiency  leads  to  a high  signal-to-noise  ratio.  Frequency 
modulation  (FM).  on  the  other  hand,  only  needs  CNR  values  of  15  18  dB 

If  CNR,  represents  the  canicr-to-noisc  ratio  related  to  u particular  signal 
contaminant  (c.g..  shot  noise),  then  for  V'  signal-impairment  factors  the  total 
CNR  is  given  by 

For  links  in  which  only  a single  information  channel  is  transmitted,  the  important 
signal  impairments  include  luser  intensity  noise  fluctuations,  laser  clipping,  photo- 
detector noise,  and  optical-amplifier  noise.  When  multiple  message  channeLs  oper- 
ating at  different  earner  frequencies  arc  sent  simultaneously  over  the  same  fiber, 
then  harmonic  and  intermodulation  distortions  arise.  Furthermore,  the  inclusion 
of  an  optical  amplifier  gives  rise  to  ASE  noise.  In  principle,  the  three  dominant 
factors  that  cause  signal  impairments  in  a fiber  link  arc  shot  noise,  optical-ampli- 
fier noise,  und  laser  clipping.1'  Most  other  degradation  effects  can  be  sufficiently 
reduced  or  eliminated 

In  this  section,  we  shall  first  examine  a simple  single-channel  amplitude- 
modulated  signal  sent  at  baseband  frequencies.  Section  9.3  addresses  multichan- 
nel systems  in  which  intermodulation  noise  becomes  important  Problem  9-10 
gives  expressions  for  the  effects  of  laser  clipping  and  ASE  noise. 


9.2.1  Carrier  Power 

To  find  the  carrier  power,  let  us  first  look  at  the  signal  generated  at  the  tram- 
mitter.  As  shown  in  Fig.  9-2.  the  drive  current  through  the  optical  source  u the 
sum  of  the  fixed  bias  current  and  a time-varying  sinusoid  The  source  acts  as  a 
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RtdUF.  9-2 

Blutag  of  a Umt  diode  anil  its  response  la  analn|i  signal  imiduUlUtn 

square-law  device,  so  that  the  envelope  of  the  output  optical  power  hi)  has  the 
same  form  as  the  input  drive  curcnt  If  the  time- varying  analog  drive  signal  is  v(r), 
then 


Ptt)=  />,|l  + m.«i)| 


<9-:> 


where  is  the  optical  output  power  at  the  hias  current  level  and  the  modulation 
index  m is  defined  by  F.q.  (4-54),  In  terms  of  optical  power,  the  modulation  indes 
ii  given  by 


m 


P peat 
p, 


(V-3) 


where  Ppd  and  /’,  are  defined  in  Fig  9-2  Typical  values  of  m for  analog  applied- 
uoni  range  from  0.25  to  0.50 

For  a sinusoidal  received  signal,  the  earner  power  C at  the  output  of  the 
receiver  (tn  units  of  A;)  ts 

(9-4) 


C -\(m  *uMP) 
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where  *o  is  ihe  unity  gain  responsivity  of  the  photodetector.  M is  the  photo- 
detector  gain  ( M = I for  pin  photodiodes),  and  P is  the  average  received  optical 
power. 


9.2.2  Photodetector  and  Preamplifier  Noises 

The  expressions  for  the  photodiode  and  preamplifier  noises  are  given  by  Eqs 
(6-16)  and  (6-17).  respectively.  Thai  is.  for  the  photodiode  noise  we  have 

<&>  = * 2*1,  + /d)M2F{M)B  (9-5) 

Here,  as  defined  in  Chap.  6.  = *oP  is  the  primary  photocurrent,  //>  is  the 

detector  hulk  dark  current.  M is  the  photodiode  gain  with  F(M)  being  its  asso- 
ciated noise  figure,  and  H is  the  receiver  bandwidth  Then,  the  CNR  for  the 
photodctcctor  only  is  CNR,*,  = C/a:s 

Generalizing  Eq  (6- 1 7)  for  the  preamplifier  noise,  we  have 

<'r>  = <4  = BF,  (9-6) 

Here.  /(«,  is  the  equivalent  resistance  of  the  photodetector  load  and  the  pre- 
amplifier. and  F,  is  the  noise  factor  of  the  preamplifier  Then,  the  CNR  for  the 
preamplifier  only  is  CNRpvmp  = C/ery. 


9.2.3  Relative  Intensity  Noise  (RIN) 


Within  a semiconductor  laser,  fluctuations  in  the  amplitude  or  intensity  of  the 
output  produce  optical  intensity  noise  These  fluctuations  could  arise  from  tem- 
perature variations  or  from  spontaneous  emission  contained  in  the  laser  output 
The  noise  resulting  from  the  random  intensity  fluctuations  is  called  rclutiw  inten- 
sity noise  (RIN).  which  may  be  defined  in  terms  of  the  mean-square  intensity 
variations.  The  resultant  mean-square  noise  current  is  given  by 

^rin)  = °rin  ~ RIN(JfoTifi  (9-7) 

Then,  the  CNR  due  to  laser  amplitude  fluctuations  only  is  CNRrin  = C/e|,N 
Here,  the  RIN,  which  is  measured  in  dB  Hz.  is  defined  by  the  noisc-to-stgnal 
power  ratio 


((A/>i>:) 

% 


(9-8) 


where  ((A  /*/.)')  is  the  mean-square  intensity  fluctuation  of  the  laser  output  and  Pt 
is  the  average  laser  light  intensity  This  noise  decreases  as  the  injection-current 
level  increases  according  to  the  relationship 


RIN  a 


(9-9) 
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Example  9-1.  Figure  9-3  shows  an  example  of  Eq.  (9-9)  for  two  huncd -hctcrostnic- 
ture  lasers  15  The  noise  level  was  measured  at  100  MH/  For  injection  currents 
sufficiently  above  threshold  (i.e.,  for  It/ht,  > 1.2),  the  R1N  of  these  index- guided 
lasers  lies  between  - 140  and  —ISO  dB  H/ 


■■  Example  9-2.  Figure  9-4  shows  the  RIN  ol  an  InGaAsP  buricd-hctcrostructurc  laser 
as  a function  of  modulation  frequency  at  several  diffcrcni  bias  levels  1 The  relative 
intensity  noise  i*  essentially  independent  of  frequency  below  several  hundred  mega- 
hertz. and  it  peaks  at  the  resonant  frequency  In  this  case,  at  a bias  level  of  60  mA. 
which  gives  a 5-mW  output,  the  RIN  is  typically  less  than  -135  dB/Hr  for  modula- 
tion frequencies  up  to  S GHz.  For  received  optical  signal  levels  of  - 1 3 dBm  (SOpWi 
or  less,  the  RIN  of  buried-heterostructurc  InGaAsP  lasers  lies  sufficiently  below  the 
noise  level  of  a 50- Q amplifier  with  a 3-dB  noise  figure 

Vendor  data  sheets  for  1550-nm  DFB  lasers  typically  quote  RIN  values  of 
-152  to  -158  dB  Hz. 


net-  RE  9-3 

Example  of  the  relative  intensity 
not*  (RIN)  for  two  buned-hetero- 
structure  loser  diodes  The  noise 
level  was  measured  at  100  MH/ 
(Reproduced  with  permission  from 
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The  KIN  of  an  IntiaAil*  huMctl-brlcroftructurc  later  at  a function  •><  modulation  frequency  ai  irvcnl 
different  bun  levels  (Reproduced  with  permission  from  Olshansky,  Latunien,  and  Hill.1  r I9W, 


IEEE  l 


Substituting  theC  NRs  resulting  from  Fqs  (9-4)  through  <9-71  into  Fq  (9-1) 
yields  the  following  carner-to-noisc  ratio  for  a single-channel  AM  system 

£. =-j la**?* J 

■v  RIN(-<r0/>)/f  + h/Uf  + tp)M:F(.W)B  + (4k$T/Rnl)BF, 


9.2.4  Reflection  Effects  on  KIN 

In  implementing  a high-speed  analog  link.,  one  must  take  special  precaution!  to 
minimize  optical  reflections  back  into  the  laser.-  Back-reflected  signals  an 
increase  the  RIN  by  10  20  dB  as  shown  in  Fig.  9-5.  These  curses  show  the 
increase  in  relative  intensity  noise  for  bias  points  ranging  from  I 24  to  162 
limes  the  thrcshold-curent  lcsel.  The  feedback  power  ratio  in  Fig.  9-5  is  the 
amount  of  optical  power  reflected  back  into  the  laser  relative  to  the  light  output 
from  the  source.  As  an  example,  the  dashed  line  shows  that  at  1 .33/u,  the  feedback 
rutio  must  be  less  than  -60  dB  in  order  to  maintain  an  RIN  of  less  than  - 140  dB 
Hz 


9.2.5  Limiting  Conditions 

Let  us  now  look  at  some  limiting  conditions.  When  the  optical  power  level  at  the 
receiver  is  low.  the  preamplifier  circuit  noise  dominates  the  system  noise.  For  this, 
we  have 
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The  irKrc.tx  in  RIN  due  to  bock-reflected  optical  sijpud»  (Reproduced  with  permission  from  Sato,1' 
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fC\  = Um.»aMP)2 

^ ' limit  i T f )PF, 


(9-11) 


In  this  ease,  the  carricr-to- noise  ratio  is  directly  proportional  to  Ihc  square  of  the 
received  optical  power,  so  that  for  each  1-dB  variation  in  received  optical  power. 
C/.V  will  change  by  2 dB 

For  well-designed  photodiodes,  the  bulk  and  surface  dark  currents  arc  small 
compared  with  the  shot  (quantum)  noise  for  intermediate  optical  .signal  levels  at 
the  receiver.  Thus,  at  intermediate  power  levels  the  quantum-noise  term  of  the 
photodiode  will  dommutc  the  system  noise.  In  this  ease,  we  have 


/C\  WJt(,P 
WL.,:  2qF{M)B 


(9-12) 


so  that  the  carricr-to-noise  ratio  will  vary  by  1 dB  for  every  1-dB  change  in  the 
received  optical  power. 

If  the  laser  has  a high  RIN  value  so  that  the  reflection  noise  dominates  over 
other  noise  terms,  then  the  camcr-to-noisc  ratio  becomes 


/C\  UmAI) 

m b 


which  is  a constant.  In  this  ease,  the  performance  cannot  be  improved  unless  the 
modulation  index  is  increased 
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Example  9-3.  As  an  example  of  the  limiting  conditions,  consider  a link  with  a laser 
transmitter  and  a pin  photodiode  receiver  having  the  following  characteristics 


Irammtnri 

Rscetvrr 

m = (125 

=.  0 6 A W 

RIN  w — l4JdB/Hr 

10  Mils 

/*,  = (l  dBm 

Ip  = 10  nA 

R*,  = 7.10IJ 

F,  ■)  dB 

where  /’,  is  the  opuc.il  power  coupled  into  the  fiber  To  see  the  effects  of  the  different 
noise  terms  on  the  carner-to-noise  ratio.  Fig  9-6  shows  a plot  of  C/N  as  a function 
of  the  optical  power  level  ul  the  receiver  In  this  case,  we  see  that  at  high  received 
powers  the  source  noise  dominates  to  give  a constant  C/N.  At  intermediate  levels, 
the  quantum  noise  is  the  main  contributor,  with  a 1-dB  drop  in  C/N  for  every  1-dB 
decrease  in  received  optical  power,  For  low  light  levels,  the  thermal  noise  of  the 
receiver  is  the  limiting  noise  term,  yielding  a 2-dB  rolloff  in  C/N  for  each  1-dB 
drop  in  received  optical  power  It  is  important  to  note  that  the  limiting  factors 
can  vary  significantly  depending  on  the  transmitter  and  receiver  characteristic! 
For  example,  for  low-impedance  amplifiers  the  thermal  noise  of  the  receiver  can 
he  the  dominating  performance  limiter  for  all  practical  link  lengths  (see  Prob,  9-1). 


FIGURE  9-* 

Carner-io-noise  rami  as  a function  of  optica!  powei  level  at  ihe  receiver  In  this  case.  RIN  donunalci 
al  high  powers,  quantum  noise  gives  a 1-dB  drop  in  C/N  for  each  1-dB  power  decrease  at  intermedins 
levels,  and  receiver  thermal  noise  yields  a 2-dB  C/N  rolloff  per  1-dB  drop  in  received  power  al  low  light 
levels 
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9.3  MULTICHANNEL  TRANSMISSION 
TECHNIQUES 

So  far.  we  have  examined  only  the  case  of  a single  signal  being  transmitted  over  a 
channel  In  broadband  analog  applications,  such  us  cable  television  (CATV) 
mpcrtmnkx,  one  needs  to  send  multiple  analog  signals  over  the  same  fiber  To 
do  this,  one  can  employ  u multiplexing  technique  where  a number  of  baseband 
ngnals  are  superimposed  on  a set  of  A subcarriers  that  have  different  frequencies 

/i,/j /v.  These  modulated  subcarriers  are  then  combined  electrically  through 

frequcncy-divison  multiplexing  (FDM)  to  form  a composite  signal  that  directly 
modulates  a single  optical  source  Methods  for  achieving  this  include  vestigial- 
lideband  amplitude  modulation  (VSB-AM).  frequency  modulation  (FM).  and 
mbcarricr  multiplexing  (SCM). 

Of  these.  AM  is  simple  und  cost-effective  in  that  it  is  compatible  with  the 
equipment  interfaces  of  u large  number  of  CATV  customers,  but  its  .signal  is  very 
sensitive  to  noise  and  nonlinear  distortion.  Although  FM  requires  a larger  band- 
width than  AM.  it  provides  a higher  signal-to-noisc  ratio  and  is  less  sensitive  to 
source  nonlineunticx.  Microwave  SCM  operates  at  higher  frequencies  than  AM  or 
FM  and  is  an  interesting  approach  for  broadband  distribution  of  both  analog  and 
digital  signals.  To  .simplify  the  interface  with  existing  coaxial  cable  systems,  cur- 
rent fiber  links  in  CATV  networks  primarily  use  the  AM-VSB  scheme  described  in 
Sec.  9.3.1. 


9.3.1  Multichannel  Amplitude  Modulation 

The  initial  widespread  application  of  analog  liber  optic  links,  which  started  in  the 
late  1980s.  was  to  CATV  networks14*'7  These  coax-based  television  networks 
operate  in  a frequency  range  from  50  to  88  MHz  and  from  120  to  550  MHz. 
The  band  Trom  88  to  120  MHz  is  not  used,  since  it  is  reserved  lor  FM  radio 
broadcast.  The  CATV  networks  can  deliver  over  80  amplitude-modulated  vesti- 
ful  -sideband  (AM-VSB)  video  channels,  each  having  a noise  bandwidth  of  4 
MHz  within  a channel  bandwidth  of  6 MHz.  with  signal-to-noisc  ratios  exceeding 
47  dB  To  remain  compatible  with  existing  coax-bascd  networks,  a multichannel 
AM-VSB  formal  was  also  chosen  for  the  fiber  optic  system. 

Figure  9-7  depicts  the  technique  for  combining  A independent  messages  An 
information-beating  signal  on  channel  i amplitudc-modulatcs  a earner  wave  that 
has  a frequency  f„  where  1=1,2  . A An  RF  power  combiner  then  sums  these 

V amplitude-modulated  earners  to  yield  a composite  frcqucncy-division-mulli- 
piexed  (FDM)  signal  which  intcnsity-modulatcs  a luscr  diode  Following  the 
optical  receiver,  a bank  of  parallel  bandpass  filters  separates  the  combined  car- 
riers back  into  individual  channels  The  individual  message  signals  arc  recovered 
from  the  carriers  by  standard  RF  techniques 
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Si.iuJ.itil  technique  Tor  frequency  division  mulliplcttng  of  N iiuicpcmlrnl  information- hearmi  ugiult. 


For  a large  number  of  FDM  earners  with  random  phases,  the  carriers  add 
on  a power  basis  Thus,  for  S channels  the  optical  modulation  index  w is  related 
to  the  pcr-channel  modulation  index  m,  by 


If  each  channel  modulation  index  m,  has  the  same  value  m(.  then 

m = mfN*s  (9-146) 

As  a result,  when  j V signals  are  frequency-multiplexed  and  used  to  modulate  a 
single  optical  source,  the  carricr-to-noi.sc  ratio  of  a single  channel  is  degraded  by 
10  log  N If  only  a few  channels  arc  combined,  the  signals  will  add  in  voltage 
rather  than  power,  so  that  the  degradation  will  have  a 20  log  V characteristic 
When  multiple  earner  frequencies  pass  through  a nonlinear  device  such  its  a 
laser  diode,  signal  products  other  than  the  original  frequencies  can  be  produced. 
As  noted  in  Sec.  4 4.  these  undesirable  signals  arc  called  intermodulation  products 
and  they  can  cause  serious  interference  in  both  in-band  and  out-of-hand  channels. 
The  result  is  a degradation  of  the  transmitted  signal  Among  the  micrmodulaiioa 
products,  generally  only  the  second-order  and  third-order  terms  are  considered, 
since  higher-order  products  tend  to  be  significantly  smaller 

Third-ordcT  mtcrmodulaton  (IM)  distortion  products  at  frequcncte* 
ft  +//  - ft,  (which  arc  known  as  triple-beat  IM  products)  and  2/,  - f,  (which  ate 
known  as  two-tone  third-order  l,M  products)  are  the  most  dominant,  since  many  of 
these  fall  within  the  bandwidth  of  a multichannel  system.  For  example,  a 50- 
channel  CATV  network  operating  over  a standard  frequency  range  of  55.25 
>73.25  MHz  has  39  second-order  IM  products  at  54.0  MHz  and  786  third- 
order  IM  tones  at  229.25  MHz  The  amplitudes  of  the  triple-beat  products  art 
3 dB  higher  than  the  two-tone  third-order  IM  products  In  addition,  since  there 
arc  N(N  - I )( A*  - 2)/2  triple- beat  terms  compared  with  ;V(.V  - I ) two-tone  third- 
order  terms,  the  triple-beat  products  tend  to  be  the  major  source  of  IM  noise. 

If  a signal  pa.ssband  contains  a large  number  of  equally  spaced  earners, 
several  IM  terms  will  exist  at  or  near  the  same  frequency  Hus  so-called  bi'ot 
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TABLE  *-l 

Distribution  of  the  number  of  third-order  triple-beat  intermodulation  products  for 
the  number  of  channels  ,V  ranging  from  I to  8 
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Mucking  is  additive  on  a power  basis.  For  example,  for  \ equally  spaced  equal- 
implitude  earners,  the  number  of  third-order  IM  products  that  fall  right  on  ihc 
rth  earner  is  given  by1*10 

Du  = * I*  - 2 - {[I  - l-lfl-m  (9-15) 

for  iwo-tonc  terms  of  the  type  2/  - fh  and  by 

for  triplc-bcal  terms  of  the  type  fi +//-/>■ 

Whereas  the  two-tone  third-order  terms  are  fairly  evenly  spread  through  the 
operating  passband,  the  tnplc-beat  products  tend  to  be  concentrated  in  the  middle 
of  the  channel  passband,  so  that  the  center  earners  receive  the  most  intermodula- 
uon  interference.  Tables  9-1  and  9-2  show  the  distributions  of  the  third-order 
tnplc-beat  and  two-tone  IM  products  for  the  number  of  chunncls  N ranging 
from  I to  8. 


TABLE  *-2 

Distribution  of  the  number  of  third-order  Iwo-tonr  intermodulation  products  for  Ihc 
number  of  channels  V ranging  fmm  I to  8 
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The  mulls  of  heal  stacking  are  commonly  referred  to  as  composite  second 
order  (CSO)  and  composite  triple  heat  (CTB),  and  arc  used  to  describe  the 
performance  of  multichannel  AM  links  These  are  defined  asw 


CSO  = 


peak  carrier  power 

peak  power  in  composite  2nd-ordcr  IM  tone 


(9-17) 


and 


CTB 


peak  carrier  power 

peak  power  in  composite  3rd-order  IM  tone 


(9-18) 


liampl*  9-4.  Figures  9-K  and  9-9  show  ihc  predicted  relative  second-order  and 
third-order  mtermodulation  performance,  respective!) . for  60  CATV  channels  m 
Ihc  frequency  range  50  450  MHz  The  effect  of  CSO  is  most  significant  at  the 
patsband  edges,  whereas  CTB  contributions  are  most  critical  at  the  center  of  the 
band 


9.3.2  Multichannel  Frequency  Modulation 

The  use  of  AM-VSB  signuls  for  transmitting  multiple  analog  channels  is.  in 
principle,  straightforward  and  simple  However,  it  lias  a C/N  requirement  (or, 


FIGURE  <MI 

Predicted  relative  CSO  performance  for  60  amplitude-modulated  CATV  channels  Tile  S8-ti>- 1 ^O  Mlti 
band  Is  reserved  lor  FM  radio  broadcast  (Reproduced  with  permission  from  Darcle.  Upson.  Rodo, 
and  McGrath.*  -i‘  I1**).  IEtF  I 
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CATV  channel  carrier  fret|iiriK>  (Ml If) 


IICUtE  M 

Predicted  relative  CT8  performance  for  W)  amplitude-modulated  CATV  channel*  rhc  KS-to-120-MHr 
hind  ti  reserved  for  FM  radio  broadcast  (Reproduced  with  permission  from  tfarcic.  Upson.  Rosk>. 
rod  McGrath,4  < I WO.  IEEE  ) 


equivalently.  for  AM.  an  S/A'  requirement  ) of  at  least  40  dB  for  each  AM  chan- 
nel. which  places  very  stringent  requirements  on  laser  and  receiver  linearity.  An 
alternative  technique  is  frequency  modulation  (FM).  wherein  each  subcamer  is 
frequency-modulated  by  a message  signal  : This  requires  a wider  bandwidth 

(.10  MHz  versus  4 MHz  for  AM),  but  yields  a signal-to-noise  ratio  improvement 
over  the  carrier-to-noisc  ratio. 

The  S/S  at  the  output  of  an  FM  detector  is  much  larger  than  the  C/S  at 
the  input  of  the  detector  The  improvement  is  given  by: 


+ 10  log 


V*  \ /.  / 


+ W 


(9-19) 


where  B is  the  required  bandwidth.  A/PP  is  the  pcak-to-peuk  frequency  deviation 
of  the  modulator,  f,  is  the  highest  video  frequency,  and  h is  a weighting  factor 
used  to  account  lor  the  nonuniform  response  of  the  eye  pattern  to  white  noise  in 
the  video  bandwidth.  The  total  S/S  improvement  depends  on  the  system  design, 
but  is  generally  in  the  range  36  44  dB.:’ The  reduced  C/S  requirements  thus 
make  un  FM  system  much  less  susceptible  to  laser  und  receiver  noises  than  an  AM 
system. 
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■■  Example  9-5.  Figure  9-10  shows  a plot  of  RIN  versus  optical  modulation  index  per 
channel,  comparing  AM  and  FM  broadcast  TV  systems  * The  following  assumptions 
were  made  in  this  calculation: 

RIN  noise  dominates 
S/N  = C/N  + 40  dB  for  the  FM  system 
AM  bandwidth  per  channel  = 4 MHz 
FM  bandwidth  per  channel  = 30  MHz 

If  the  per-channcl  optical  modulation  index  is  $ percent,  then  a RIN  of  less  than 
— 120  dB  Fiz  is  needed  for  each  FM  TV  program  to  have  studio-quality  reception, 
requiring  S/N  > 56  dB  litis  is  easily  met  with  a typical  packaged  laser  diode  which 
has  a nominal  RIN  value  of  130  dB  Hz.  On  the  other  hand,  for  an  AM  system* 
laser  with  an  RIN  value  of  -14(1  dB  Hz  can  barely  meet  the  CATV  reception 
requirement  of  S/N  > 40  dB 

■■i  Kvample  9-6.  Another  performance  factor  of  AM  transmission  compared  with  FM 
is  the  limited  power  margin  of  AM  Figure  9-1 1 depicts  the  calculated  power  budget 
versus  the  optical  modulation  index  (OMI)  per  channel  for  distribution  of  multi- 
channel AM  and  FM  video  signals  The  curses  are  given  for  different  »ignal-to*nooe 
ratios.  The  following  assumptions  were  made  in  this  calculation 

Laser  power  coupled  into  single-mode  fiber  = 0 dBm 
RIN  = -140  dB  Hz 

pm  Photodiode  recaver  with  a 50-0  front  end 


Opium  timtuiuunn  iruk  i 

FIGURE  9-10 

RIN  versus  the  optical  modulation  index  per  channel  for  AM  and  FM  video  sigrult  for  several 
different  signal-to-noitc  ratios  (SNRi  (Reproduced  with  permission  from  W ay.:  i 1989.  IEEE  I 
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not  Rf  9 ii 

Pdwci  hmljifl  versus  the  optical 
modulation  Index  (OMIt  pet 
clunncl  for  dinrihution  of  mull  r- 
duitncl  \M  and  PM  video 
iicruli  (Reproduced  with  permit- 
non  from  Way.-'  i 1989  It-l  fc  i 


f'rwmplifcr  noise  figure  = 2 dll 
AM  bandwidth  per  channel  — 4 MH/ 

1 VI  bund  width  per  channel  hi  MH/ 

Again  ussuming  a per  •channel  optical  modulaimn  index  of  5 percent,  the  AM 
tvMem  hat  a power  margin  of  about  III  dB  for  a 40-dB  xignal-to-noise  ratio,  whereas 
the  FM  system  has  a power  margin  of  10  dB  for  S/N  = 52  dB 


9.3.3  Subcamer  Multiplexing 

There  is  also  great  interest  in  using  Rl-  or  microwave  m bcarrkr  multiplexing  for 
high -capacity  lightwave  systems  The  term  .subcarrier  multiplexing  (SCM)  is 

used  to  describe  the  capability  of  multiplexing  both  multichannel  analog  and 
digital  signals  within  the  same  system. 

f igure  9-12  shows  the  basic  concept  of  an  SCM  system.  The  input  to  the 
transmitter  consists  of  a mixture  of  S independent  analog  and  digital  baseband 
signals.  These  signals  can  carry  either  voice,  data,  video,  digital  audio,  high-dcli- 
nition  video,  or  any  other  analog  or  digital  information  Each  incoming  signal 
*<f)  is  mixed  with  a local  oscillator  (l.Ol  having  a frequency  f,.  The  local  oscillator 
frequencies  employed  arc  in  the  2-to-X-GH/  range  and  are  known  a*  the  suheur- 
rien.  Combining  the  modulated  subcamers  gives  a composite  frequency -division • 
multiplexed  signal  which  is  used  to  drive  a laser  diode. 

At  the  receiving  end.  the  optical  signal  is  directly  detected  with  a high-speed 
wideband  InGaAs  pin  photodiode  and  reconverted  to  u microwave  signal  For 
long-distance  links,  one  can  also  employ  a wideband  InGaAs  avalanche  photo- 
diode with  a 50-  to  80-GH/  gain  bandwidth  product  or  use  an  optical  preampli- 
fier For  amplifying  the  received  microwave  signal,  one  can  use  a commercially 
available  wideband  low-noisc  amplifier  or  a /«/i-FET  receiver. 
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Modulated  carried 


nCt'RK  9-12 

Basic  concept  of  tubcamcr  multiplexing  One  can  simultaneously  send  analog  and  digital  signals  »j 
frequencs-divitlan  multiplexing  them  on  difTetenl  xubcarner  frequencies 


PROBLEMS 

9-1.  Commercially  available  wideband  receivers  have  equivalent  resistance  R,M  = t;q.  I 
With  this  value  of  and  letting  the  remaining  tiamnuttcr  and  receiver  para-  I 
meters  be  the  same  as  in  Example  9-3.  plot  the  total  earner- to- noise  ratio  and  its 
limiting  expressions,  as  given  by  Eqs  (9-10)  through  <9-1 3).  for  received  power 
levels  ranging  from  U to  -16  dBm.  Show  lhai  the  thermal  noise  of  the  receiver 
dominates  over  the  quantum  noise  at  all  power  levels  when  Afeil  - 75  fl 
9-2.  Consider  a five-channel  I'rcqucncy-division-muliiplcxcd  ( FDM I system  having  car- 
riers at/i./j  + A./i  =/i  + 2A,/«  —ft  4-  3 A.  und/5  - ft  + 4A.  where  A is  tit 
spacing  between  earners  On  a frequency  plot,  show  the  number  and  location  of  lie 
tnplc-bc.il  and  iwo-tone  third-order  inlet-modulation  product.*. 

9-3.  Suppose  we  want  to  frequency-division  multiplex  60  FM  signals.  If  30  of  these 
signals  have  u pcr-chnnncl  modulation  index  m,  =3  percent  and  the  other  30. 
signals  huve  m,  = -t  percent,  find  the  optical  modulation  index  of  the  laser 
9-4.  Consider  un  SCM  system  liuving  120  channels,  each  modulated  at  2.3  peicem.  Tht 
link  consists  of  12  km  of  single-mode  fiber  having  a loss  of  I dB  km.  plm  t 
connector  having  a 0.5-dB  loss  on  each  end  The  laser  source  couples  2 raW  id 
optical  power  into  the  fiber  and  has  RIN  = -135  dB  Hi  The  pin  photodiode 
receiver  has  a responsivtiy  of  0 6 A;1V,  fl  = 5 GHz.  Id  = 10  nA.  — 50fi.  sod 
F,  =3  dB  Find  the  carrier-to-noise  ratio  for  this  system 
9-5.  Whai  is  the  camer-io-notse  ratio  for  the  system  described  in  Prob  94  if  the  pm 
photodiode  is  replaced  with  an  InCiaAs  avalanche  photodiotlc  having  M = 10  uad 
F(Af)=AtCT? 

9.6.  Consider  a 32-channcl  FDM  system  with  a 4 4-perccnt  modulation  index  per  daut*- 
ncl  Let  RIN  = l35dB/Hz,  and  assume  the  pm  photodiode  receiver  has  a nnpatr- 
sivits  or 0 6 AAV,  fl  = 5 GHz.  ln  = 10  nA,  ««,,  = 50  0.  and  F,  = 3 dB 
(a)  Find  the  carricr-to-noisc  ratio  for  this  link  if  the  received  optical  power* 
-10  dBm. 
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( b ) Find  the  carricr-to-noisc  ratio  if  the  modulation  index  is  increased  to  7 percent 
per  channel  and  the  received  optical  power  is  decreased  to  -13  dBm 
9-7.  For  a fiber  optic  link  using  u singlc-longitudinal-mnde  laser  with  a 3-dB  Itncwidih 
of  Av  and  having  two  fiber  conncctois  with  reflect i vines  /?,  and  R;,  the  worst-case 
R1N  occurs  when  the  direct  and  doubly  reflected  optical  fields  interfere  in  quad- 
rature M If  r is  the  light-travel  lime  in  the  fiber,  this  t«  described  by 

RIN(/)  = 4*‘*:  ..  AW--[I  co*(2ir/r)J 

JT  -f  Av* 

where  f ii  the  earner  frequency  Show  that  this  expression  reduces  to 
RIN{/>  = r2  for  r<l 

and 

for  Awra>i 

9-B.  A typical  DFB  laser  has  a Uncwidth  I MHz  < Aw  < 40  MHz.,  und  with  a I-  to  10-m 
optical  jumper  cable  we  have  0 005  < Aw  r < 2.  With  a 1-m  jumper  liber  and 
letting  Aw  = / = 10  MHz.  use  the  expression  in  Prob  9-7  to  show  that  to  achieve 
an  RIN  of  less  than  -140  dR  Hz.  the  average  reflectivity  per  connector  should  be 
less  than  -30  dB 

9-9.  It  is  possible  to  achieve  CATV  supertrunk  applications  with  lengths  greater  than  40 
km  by  cascading  standard  fiber-optic  CATV  transmitters,  which  uet  us  amplifiers 
These  systems  arc  typically  limited  by  the  required  CTB  performance  w When  two 
amplifiers  arc  cascadod,  their  individual  CTB  products  add  as 

CTBithuui,  = xlogilO*"1*1'*  + I0CT*,/*) 
where  CTB.  is  the  composite  tnplc  beat  of  amplifier  i, 

(a)  For  identical  amplifiers,  x = 20  What  is  the  CTB  power  penalty  in  this  case? 

(b)  When  the  amplifiers  are  different,  the  value  of  r can  vary  from  0 (cancellation 
of  beats  between  the  two  amplifiers)  to  20  (all  beats  of  the  two  amplifiers  are  in 
phase).  Find  the  values  of  t for  the  following  experimental  measurements  on 
dissimilar  amplifiers  where  dBc  is  five  power  relative  to  the  earner 


CTB,  (dBc) 

CTB!  (dBc) 

IdBc) 

-75.2 

-69.9 

-70.5 

-74.7 

-71.4 

-71  JO 

-72.1 

-71 J 

-66.7 

9-10.  Consider  a subcamcr-multiplcxcd  CATV  distribution  system  that  has  .V  channels 
The  CNRs  of  the  three  fundamental  irreducible  sources  of  signal  degradation  in  a 
fiber  link  containing  an  optical  amplifier  are  as  follows: 

(I)  Nonlinear  distortion  resulting  from  clipping  of  the  laser  output 


CNR,*,  = VU 
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Here,  the  rms  modulation  index  ft  - mjN/'l  where  m is  the  modulation  depth  pet 
channel.  This  distortion  arise*  when  the  modulation  depth  m Is  increased  to  the 
point  where  the  signal  starts  (.•citing  clipped  at  the  lasing  threshold  level 
(2)  Shot  noise  In  the  pholodetector. 


CNR*,,,  = 


thtrCiPml. 

4qH, 


where  SO  t»  the  photodetector  responsivily,  t>  i»  the  optical  amplifier  gain.  /'„  is  the 
input  signal  power.  L is  the  postamplifcr  loss,  q is  the  electron  charge,  and  B,  is  the 
receiver  noise  bandwidth 
13)  Signal-spontaneous  emission  beat  noise. 


INR^, 


m‘6Pv, 

Tift 


where  riq,  is  the  population-inversion  factor  in  the  optical  amplifier  and  i'  = r/l  is 
the  signal  frequency  As  discussed  in  Chap  1 1 . this  noise  arises  when  the  araplificd- 
spontaneous-emission  (ASH)  noise  generated  by  the  optical  amplifier  beats  with  the 
optical  signal  in  the  photodctcctor 

the  total  CNR  at  the  receiver  is  then  given  by  Fq  (1-1)  For  simplicity  of 
calculation,  this  can  be  written  in  terms  of  the  noisc-to-carricr  ratio  NCR  = 
I /CNR.  so  that  Eq.  (1-1)  becomes 

NCR(ott,  = NCRcSp  -1-  NCR,*,,  + NCR,*-,,, 

Using  the  parameter  values  given  in  Table  PI- 10.  plot  expressions  (a)  to  (r)  on 
the  same  graph  as  a function  of  the  nns  modulation  index  over  the  range 
0.04  < q < 0.36: 

(fl)  NCR,*, 

(h)  NCR.|M  + NCR^ 

(c)  NCR  kxj.1 

id)  Explain  where  the  minimum  NCR  l maximum  CNRl  occur*  on  the  plot. 


tabu:  pi-io 
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width,  intcrchanncl  crosstalk  factors  arc  relatively  unimportant  at  the  transmit- 
ting end 

A different  requirement  exists  lor  the  demultiplexer,  smcc  photodctcctors 
arc  usually  sensitive  over  a broad  range  of  wavelengths,  which  could  include  all 
the  WDM  channels  To  prevent  spurious  signals  from  entering  a receiving  channel 
(i.e  . to  give  good  channel  isolation  of  the  different  wavelengths  being  used),  the 
demultiplexer  must  exhibit  narrow  spectral  operation,  or  very  stable  optical  filters 
with  sharp  wavelength  cutoffs  must  be  used.  The  tolerable  intcrchanncl  crosstalk 
levels  can  vary  widely  depending  on  the  application  In  general,  a - 10-dB  level  is 
not  satisfactory,  whereas  a level  of  -.10  dB  is  acceptable  In  principle,  any  optical 
demultiplexer  can  also  be  used  as  a multiplexer  For  simplicity.  Lhe  word  "multi- 
plexer” is  used  as  a general  term  to  refer  to  both  combining  and  separating 
functions,  except  when  it  is  necessary  to  distinguish  the  two  devices  or  functions 

10.2  PASSIVE  COMPONENTS 

Passive  devices  operute  completely  in  the  optical  domain  to  split  and  combine 
light  streams.  They  include  JV  x .V  couplers  (with  X > 2).  power  splitters,  power 
taps,  and  star  couplers  These  components  can  be  fabricated  either  from  optical 
fibers  or  by  means  of  planar  optical  waveguides  using  material  such  as  lithium 
niobate  (LiNbOo  or  InP. 

Basically,  most  passive  WDM  devices  are  variations  of  a star-coupler  con- 
cept Figure  10-3  shows  a generic  star  coupler,  which  can  perform  both  power 
combining  and  splitting  In  the  broadest  application,  star  couplers  combine  the 
light  streams  from  two  or  more  input  fibers  and  divide  them  among  several  output 
fibers.  In  lhe  general  ease,  the  splitting  is  done  uniformly  for  all  wavelengths,  so 
thai  each  of  lhe  X outputs  receives  t/X  of  the  power  entering  the  device  A 
common  fabneatton  method  for  an  A'  x X splitter  ts  to  fuse  together  the  cores 
of  A single-mode  fibers  over  a length  of  a few  millimeters  The  optical  power 
inserted  through  one  of  the  X fiber  entrance  ports  gets  divided  uniformly  into  the 
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cores  of  the  .V  output  fibers  through  evanescent  power  coupling  in  the  fused 
region. 

Any  size  star  coupler  can  be  made,  in  principle,  provided  that  all  fibers  can 
be  heated  uniformly  during  the  coupler-fabrication  process.  Couplers  with  64 
inputs  and  outputs  are  possible,  although,  more  commonly,  the  size  tends  to  be 
less  than  10.  One  simple  device  is  a power  tap.  Taps  are  nonuniform  2x2  cou- 
plers which  are  used  to  extract  u small  portion  of  optical  power  from  a fiber  line 
for  monitoring  signal  quality. 

The  three  fundamental  technologies  for  making  passive  components  are 
based  on  optical  fibers,  integrated  optical  waveguides,  and  bulk  micro-optics.’4 
Researchers  have  examined  many  different  component  designs  using  these  tech- 
niques.15 The  next  sections  describe  the  physical  principles  of  several  simple 
examples  of  fiber-based  and  integrutcd-optic  devices  to  illustrate  the  fundamental 
operating  principles.  Couplers  using  micro-optic  designs  arc  not  widely  used 
because  the  strict  tolerances  required  in  the  fabrication  and  alignment  processes 
affect  their  cost,  performance,  and  robustness  Sec  Prob  10-14  for  an  example  of 
a micro-optic-based  multiplexer  using  a plane  reflection  grating 

10.2.1  The  2x2  Fiber  Coupler 

When  discussing  couplers  and  splitters,  it  is  customary  to  refer  to  them  in  terras  of 
the  number  of  input  and  output  ports  on  the  device  For  example,  u device  with 
iwo  inputs  and  (wo  outputs  would  be  called  a *‘2  x 2 coupler " In  general,  an 
IV  x At  coupler  has  ;V  inputs  and  M outputs 

The  2x2  coupler1** **  is  a simple  fundamental  device  that  we  will  use  here  to 
demonstrate  the  operational  principles  A common  construction  is  the  fused-fiber 
coupler  This  is  fabricated  by  twisting  together,  melting,  and  pulling  two  single- 
mode  fibers  so  they  get  fused  together  over  a uniform  section  of  length  W . as 
shown  in  Fig.  10-4.  Each  input  and  output  fiber  has  a long  tapered  section  of 
length  L.  since  the  transverse  dimensions  are  gradually  reduced  down  to  that  of 
the  coupling  region  when  the  fibers  arc  pulled  during  the  fusion  process  The  total 
draw  length  is  if  — L 4-  Hr  This  device  is  known  us  a fused  hiconicul  lupettd 
coupler  Here.  Pn  is  the  input  power,  Pt  is  the  throughout  power,  and  Pi  is  the 
power  coupled  into  the  second  fiber  The  parameters  P-,  and  /*«  are  extremely  low 
signal  levels  (-50  to  -70  dB  below  the  input  level)  resulting  from  backward 
reflections  and  scattering  due  to  bending  in  and  packaging  of  the  device.® 
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As  the  input  light  P0  propagates  along  the  taper  in  fiber  I and  into  the 
coupling  region  W\  there  is  a significant  decrease  m the  f'  number  owing  to  the 
reduction  in  the  rutio  r/X  [sec  Eq  (2-58)].  where  r is  the  reduced  fiber  radius. 
Consequently,  as  the  signal  enters  the  coupling  region,  an  increasingly  larger 
portion  of  the  input  field  now  propagates  outside  the  core  of  the  fiber 
Depending  on  the  dimensioning  of  the  coupling  region,  any  desired  fraction  of 
this  decoupled  field  can  be  rccouplcd  into  the  other  fiber  By  making  the  tapers 
very  gradual,  only  a negligible  fraction  of  the  incoming  optical  power  is  reflected 
back  into  either  of  the  input  ports.  Thus,  these  devices  arc  also  known  as  direc- 
tional couplent. 

The  optical  power  coupled  from  one  fiber  to  another  can  be  varied  through 
three  parameters:  the  axial  length  of  the  coupling  region  over  which  the  fields 
from  the  two  fibers  interact,  the  size  of  the  reduced  radius  r in  the  coupling  region: 
und  Ar.  the  difference  in  the  radii  of  the  two  fibers  in  the  coupling  region  In 
making  a fused  fiber  coupler,  the  coupling  length  H is  normally  fixed  by  the 
width  of  the  heating  flame,  so  that  only  L and  r change  as  the  coupler  is  elon- 
gated Typical  values  for  W and  L arc  a few  millimeters,  the  exact  values  depend- 
ing on  the  coupling  ratios  desired  for  a specific  wavelength,  and  A r/r  is  around 
0,01 5 Assuming  that  the  coupler  is  lossless,  the  expression  for  the  power  P: 
coupled  from  one  fiber  to  another  over  an  axial  distance  r is  ,4_n 

P2  = P0  *tnV)  (10-2) 

where  k is  the  coupling  coefficient  describing  the  interaction  between  the  fields  in 
the  two  fibers  By  conservation  of  power,  for  identical-core  libers  we  have 

Pi  = Po  - Pi  = Poll  - sin*(ici)]  = /’ocosj(rc)  (10-3) 

This  shows  that  the  phase  of  the  driven  fiber  always  lags  90  behind  the 
phase  of  the  driving  fiber,  as  Fig.  10- 5o  illustrates  Thus,  when  power  is  launched 
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into  fiber  I,  at  r = 0 the  phase  in  fiber  2 lags  90  behind  that  in  fiber  !.  This 
lagging  phase  relationship  continues  for  increasing  *,  until  at  a distance  that 
satisfies  *rr  = n/2.  all  of  the  power  has  been  transferred  from  fiber  I to  fiber  2. 
Now  fiber  2 becomes  the  driving  fiber,  so  that  for  7T/2  < k:  < n the  phase  in  fiber 
I lags  behind  that  in  fiber  2.  and  so  on  As  a result  of  thts  phase  relationship,  the 
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2x2  coupler  is  a directional  coupler  That  is.  no  energy  can  be  coupled  into  a 
wave  traveling  backward  in  the  negative-.:  direction  in  the  driven  waveguide. 

Figure  10- 5b  shows  how  * vanes  with  wavelength  for  the  final  15-mm-long 
coupler  Thus,  different-performance  couplers  can  be  made  by  varying  the  para- 
meters W.  /.,  r,  and  A r for  a specific  wavelength  k. 

In  specifying  the  performance  of  an  optical  coupler,  one  usually  indicates 
the  percentage  division  of  optical  power  between  the  output  ports  by  means  of  the 
splitting  ratio  or  coupling  ratio.  Rcfernng  to  Fig  10-4.  with  P»  being  the  input 
power  and  P\  and  P:  the  output  powers,  then 

Splitting  ratio  = L—  j x 100%  (10-4) 

By  adjusting  the  parameters  so  that  power  is  divided  evenly,  with  half  of  the  input 
power  going  to  each  output,  one  creates  a 3-dB  coupler  A coupler  could  also  be 
made  in  which  almost  all  the  optical  power  at  1500  ntn  goes  to  one  port  and 
almost  all  the  energy  around  1300  nm  goes  to  the  other  port  (see  Frob.  10-3). 

In  the  above  analysis,  wc  have  assumed,  for  simplicity,  that  the  device  is 
lossless.  However,  in  any  practical  coupler  there  is  always  some  light  that  is  lost 
when  a signal  goes  through  it.  The  two  basic  losses  arc  excess  loss  and  insertion 
loss.  The  excess  loss  is  defined  as  the  ratio  of  the  input  power  to  the  total  output 
power  Thus,  in  decibels,  the  excess  loss  for  a 2 x 2 coupler  is 

Excess  loss  = lUlogf  ^ ) (10-5) 

V "i  + Pi/ 


The  insertion  loss  refers  to  the  loss  for  a particular  port-to-port  path  For 
example,  for  the  path  from  input  port  i to  output  port  j,  we  have,  in  decibels. 


Insertion  loss  = 10  log 


(10-6) 


Another  performance  parameter  is  crosstalk . which  measures  the  degree  of  isola- 
tion between  the  input  at  one  port  and  the  optical  power  scattered  or  reflected 
bock  into  the  other  input  port  That  is.  it  is  a measure  of  the  optical  power  level  Fj 
shown  in  Fig.  10-4: 


Crosstalk  = 10  log 


(10-7) 


Example  10-2.  A 2 x 2 biconicul  tapered  fiber  coupler  has  an  input  opticul  power 
level  of  F«  — 200  )iW  The  output  powers  at  the  other  three  ports  are  Fi  = 90*iW. 
F;  = 85iiW.  and  Fj  — 6.3  nW  From  Eq  104,  the  coupling  ratio  is 

Coupling  ratio  = ^ — j x 100%  — 48  6% 
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From  Mi)  10-5,  the  excess  loss  u 

Excess  loss  = 10 log [ ^ = O.ShdB 

V xO  ^ 85  / 

Using  Eq  10-6  the  insertion  losses  tire 

/ 3fil ) 

Insertion  loss  (port  0 to  port  II  = 10 logf  J = 3.47 dB 

/200\ 

Insertion  loss  (port  0 to  port  2)  = 10 log/ = 3.72 dB 
The  crosstalk  is  given  by  Eq  10-7  as 

Crosstalk  = lOlog^  ~ — j — -45 dB 

10.2.2  Scattering  Matrix  Representation 

One  can  also  analyze  a 2 x 2 guided-wave  coupler  as  a four-terminal  device  that 
has  two  inputs  and  two  outputs,  as  shown  in  Fig  10-6.  Either  all-fiber  or  inle- 
gratcd-optics  devices  can  be  analyzed  in  terms  of  the  scattering  matrix  (also  called 
the  propagation  matrix ) S.  which  defines  the  relationship  between  the  two  input 
field  strengths  a,  and  a^,  and  the  two  output  field  strengths  h\  and  b:.  By 
definition.21'24 

. r*.l  r-1  . U *12 1 

b = Sa.  where  b=  I.  a = I . and  S = (10-8) 

L*:J  La7j  L#i<  -*22  J 

Here,  v„  = |.rv|  exp(/^u)  represents  the  coupling  coefficient  of  optical  power  trans- 
fer from  input  port  i to  output  port  j,  with  |.v„|  being  the  magnitude  of  .r„  and  4* 
being  its  phase  at  port  j relative  to  port  i. 

For  an  actual  physical  device,  two  restrictions  apply  to  the  scattering  matrix 
S One  is  a result  of  the  reciprocity  condition  arising  from  the  fact  that  Maxwell's 
equations  ore  invariant  lor  time  inversion:  that  is,  they  have  two  solutions  in 


FICt  hi  io-* 

(icnrrtc  2x2  guided -waive  coupler  Here.  a.  and  b,  represent  the  field  strength!  of  input  port  i and 
output  port  /.  respectively,  and  die  j„  are  the  scattering  matrix  parameters 
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opposite  propagating  directions  through  the  device,  assuming  single-mode  opera- 
tion The  other  restriction  arises  from  energy-conservation  principles  under  the 
assumption  that  the  device  is  lossless.  From  the  first  condition,  it  follows  that 

*12  = *21  (10-9) 

From  the  second  restriction,  if  the  device  is  lossless,  the  sum  of  the  output  inten- 
sities /„  must  equal  the  sum  of  the  input  intensities  /,: 

/„  = A*h,  + blbi  = /* = ojai  + ojo;  or  = efu  (10-10) 

•here  the  superscript  • means  the  complex  conjugate  and  the  superscript  + 
indicates  the  transpose  conjugate  Substituting  Eqs.  (10-8)  and  (10-9)  into  Eq. 
(10-10)  yields  the  following  set  of  three  equations: 

<l*tl+<j*l2*  1 00-ID 

<t*i2+<2*22*®  (10-12) 

<2*22  +<2,U  * 1 (10-13) 

If  we  now  assume  thut  the  coupler  has  been  constructed  so  that  the  fraction 
(1-f)  of  the  optical  power  from  input  I appears  at  output  port  I.  with  the 
remainder  < going  to  port  2.  then  we  have  in  = which  is  a real  number 

between  0 and  I Here,  we  have  assumed,  without  loss  of  generality,  thut  the 
electric  field  at  output  I hus  a zero  phase  shift  relative  to  the  input  at  port  1; 
that  iv  = 0.  Since  we  are  interested  in  the  phuxe  change  that  occurs  when  the 
coupled  optical  power  from  input  1 emerges  from  port  2,  we  mukc  the  simplifying 
assumption  that  the  coupler  is  symmetric.  Then,  analogous  to  the  effect  at  port  I. 
we  have  *22  =Vl  -*  with  ^ = 0.  Using  these  expressions,  we  can  determine  the 
phases  4c  of  the  coupled  outputs  relative  to  the  input  signals  and  find  the  con- 
straints on  the  composite  outputs  when  both  input  ports  are  receiving  signals. 

Inserting  the  expressions  for  in  and  122  into  Eq.  (10-12)  and  letting 
*i**Ui*|Mp(/0»a).  where  |j|j|  is  the  magnitude  of  .q;  and  0u  is  its  phase,  we 
have 


which  holds  when 


cxp(y2^ij)  = -1 


<£1;  = (2/i  + I)*  where  n = 0, 1.2.... 
10  that  the  scattering  matrix  from  Eq.  (10-8)  becomes 


(10-14) 

(10-15) 


(10-16) 


Example  10-3.  Assume  we  have  a 3-dB  coupler,  so  that  half  of  the  input  power  gets 
coupled  to  (he  second  fiber  Then.  * — 0.5  and  the  output  field  intensities  | and 
£,wu  can  be  found  from  the  input  intensities  Em,i  and  F.m.:  and  the  scattering  matrix 
in  Eq.  (10-6): 
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Letting  = 0,  we  liave  EaM  i = (\/>/2)Eml  and  £<*,,2  = (,//</2)£ml  The  output 

power*  arc  then  given  by 

Pout  I — Exmi,  | E^m  , = } £,JB  | =$/’« 

Similarly. 

Pout. 2 — = $ ^4.1  = i Pt> 

so  that  half  the  input  power  appears  at  each  output  of  the  coupler 

It  is  also  important  to  note  that  when  we  wont  u large  portion  of  the  input 
power  from.  say.  port  I to  emerge  from  output  I . we  need  e be  small  However, 
this,  in  turn,  means  that  the  amount  of  power  at  the  same  wavelength  coupled  to 
output  1 from  input  2 is  small  Consequently,  if  one  is  using  the  same  wavelength, 
it  is  not  possible,  in  a passive  2x2  coupler,  to  have  all  the  power  from  both 
inputs  coupled  simultaneously  to  the  same  output.  The  best  that  can  be  done  is  to 
have  half  of  the  power  from  each  input  appear  at  the  same  output  However,  if  the 
wavelengths  are  different  at  each  input,  it  is  possible  to  couple  a large  portion  of 
both  power  levels  onto  the  same  fiber.1*19 


10.2.3  The  2x2  Waveguide  Coupler 

More  versatile  2x2  couplers  are  possible  with  waveguide-type  devices*11'-" 
Figure  10-7  shows  two  types  of  2 x 2 waveguide  couplers.  The  uniformly  sym- 
metric device  has  two  identical  parallel  guides  in  the  coupling  region,  whereas  the 
uniformly  asymmetric  coupler  has  one  guide  wider  than  the  other  Analogous  to 
fused-fiber  couplers,  waveguide  devices  have  an  intrinsic  wavelength  dependence 
in  the  coupling  region,  and  the  degree  of  interaction  between  the  guides  can  be 
varied  through  the  guide  width  w,  the  gap  s between  the  guides,  and  the  refractive 
index  m between  the  guides.  In  Fig  10-7,  the  r direction  lies  along  the  coupler 
length  and  the  y axis  lies  in  the  coupler  plane  transverse  to  the  two  waveguides. 

Let  us  first  consider  the  symmetric  coupler  In  real  waveguides,  with  absorp- 
tion and  scattering  losses,  the  propagation  constant  d-  >s  a complex  number  given 
by 

= (10-17) 

where  fi,  is  the  real  part  of  the  propagation  constant  and  a is  the  optical  loss 
coefficient  in  the  guide  Hence,  the  total  power  contained  in  both  guides  decreases 
by  a fnctor  cxp(-ar)  along  their  length  For  example,  losses  in  semiconductor 
waveguide  devices  fall  in  the  0.05  < a < 0.3  cm  ' range  (or.  equivalently,  aboul 
0.2  < a < I dB/cm),  which  is  substantially  higher  than  the  nominal  0.1-dB/km 
losses  in  fused-fiber  couplers  Recall  from  Eq.  (3-1)  the  relationship 
or(dB/cm)  = 4.343o(cm  ') 
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FIGURE  10-7 

Ctou-tcc'iaiuil  tdp  view*  ol  (u)  a uniformly  nymmetric  directional  waveguide  coupler  with  both  guide* 
having  a width  A = 8 iim,  (A)  a uniformly  asymmetric  directional  coupler  in  which  one  guide  ha*  u 
cur  rower  width  0 in  the  coupling  region  (Adapted  with  permission  from  fnkugi,  Jlnguji,  and 
lUw«ch^,J,  i 1992.  IEEE.) 


The  transmission  characteristics  of  the  symmetric  coupler  can  be  expressed 
through  the  coupled-mode  theory  approach  to  yield36  37 

P2  = P0sia^ta)eaa  (10-18) 


where  the  coupling  coefficient  is 


2 fa  e~v 
PMf  + fi) 


1)0-19) 


Hus  is  a function  of  the  waveguide  propagation  constants  /),  and  fl,  (in  the  y and 
: directions,  respectively),  the  gap  width  and  separation,  and  ihc  extinction  coef- 
ficient q in  the  y direction  (i.e  , the  exponential  fallolT  in  the  » direction)  outside 
the  waveguide,  which  is 


•*=/*-*? 


(10-20) 
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The  theoretical  power  distribution  as  a function  of  the  guide  length  is  as  shown  in 
Fig.  10-8,  where  wc  have  used  a = 0.6  mm  1 and  a — 0.02  mm'1.  Analogous  to 
ihc  fused-fiber  coupler,  complete  power  transfer  to  the  second  guide  occurs  when 
the  guide  length  L is 

L — ~ (m  + 1 ) with  m = 0.1,2.  ..  (10-21) 

2a 

Since  a is  found  to  be  almost  monotontcally  proportional  to  wavelength,  the 
coupling  ratio  P>/Pu  rises  and  falls  sinusoidally  from  0 to  100  percent  as  a func- 
tion of  wavelength,  as  Fig  10-9  illustrates  genetically  (assuming  here,  for  simpli- 
city. that  the  guide  loss  is  negligible). 

MB  Example  KM.  A symmetric  waveguide  coupler  has  a coupling  coefficient 
« = 0.6mm'1  Using  Eq  (10-21),  wc  find  ihc  coupling  length  for  m = I In  be 
L = 5.24  mm 


When  the  two  guides  do  not  have  the  same  widths,  as  shown  in  Fig.  10-7 b. 
the  amplitude  of  the  coupled  power  is  dependent  on  wavelength,  and  the  coupling 
ratio  becomes 


where 


K2 

Pi/ Pa  =~  sin’OF)  e 
S* 


r 


(10-22) 


(10-23) 
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Theoretical  through-path  and  coupled  power  distributions  as  a function  of  the  guide  length  in  s 
symmetric  2x2  guided  wave  coupler  with  • = 0.6mm"1  and  a = 0.02 mm"1 
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FIGURE  10-9 

Wavelength  response  of  tbc  coupled  power  P-JPa  in  the  sym- 
metric 2*2  guided-wave  couplet  shown  in  Fig  10- 7u 

wilh  Ap  being  the  phase  difference  between  the  two  guides  in  the  r direction  With 
this  type  of  configuration,  one  can  fabricate  devices  that  have  a flattened  response 
in  which  the  coupling  ratio  is  less  than  1 00  percent  in  a specific  desired  wuvclcngth 
range,  as  shown  in  Fig.  10-10  The  main  cause  of  the  wave-flattened  response  at 
the  lower  wavelength  results  from  suppression  by  the  amplitude  term  »’ /g'  This 
asymmetric  characteristic  can  be  used  in  a device  where  only  a fraction  of  power 
from  a specific  wavelength  should  be  tapped  off.  Note  also  that  when  Aft  = 0.  Eq. 
110-22)  reduces  to  the  symmetric  ease  given  by  Eq.  (10-18). 

More  complex  structures  urc  readily  fabricated  in  which  the  widths  of  the 
guides  are  tapered.*11  These  nonsymmetne  structures  can  be  used  to  flatten  the 
wavelength  response  over  a particular  spectral  range  It  is  also  important  to  note 
that  the  above  analysis  based  on  the  coupled-mode  theory  holds  when  the  indices 
of  the  two  waveguides  are  identical,  but  a more  complex  analytical  treatment  is 
needed  for  different  indices.1* 


10.2.4  Star  Couplers 

The  principal  role  of  all  star  couplers  is  to  combine  the  powers  from  N inputs  and 
divide  them  equally  among  M output  ports.  Techniques  for  creating  star  couplers 
include  fused  fibers,  gratings,  micro-optic  technologies,  and  integrated-optics 
schemes  The  fiber-fusion  technique  has  been  a popular  construction  method 
for  i V x N star  couplers  For  example,  7x7  devices  and  I x 19  splitters  or  com- 
biners with  excess  losses  at  1300  nm  of  0,4  dH  and  0.85  dH,  respectively,  have  been 
demonstrated  However,  large-scale  fabrication  of  these  devices  for  .V  > 2 is 
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FICtKE  10-10 

Wavelength  response  of  the  coupled  power  Pt/Pt  in  ihe  luvtn- 
mcmc  2*2  guided •wuve  coupler  »hown  in  Fig.  10-7 h 
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limited  because  of  the  difTiculty  in  controlling  the  coupling  response  between  the 
numerous  fibers  during  the  heating  and  pulling  process.  Figure  10-11  shows  a 
generic  4x4  fused-ftber  star  coupler. 

In  an  ideal  star  coupler,  the  optical  power  from  any  input  is  evenly  divided 
among  the  output  ports.  Tire  total  loss  of  the  device  consists  of  its  splitting  loss 
plus  the  excess  toss  in  each  path  through  the  star  The  splitting  loss  is  given  in 
decibels  by 

Splitting  loss  = -lOlog^  = 10  log  A (10-24) 

Similar  to  Hq.  (10-5),  for  a single  input  power  P,„  and  A output  powers,  the  excess 
loss  in  decibels  is  given  by 

Fiber  star  excess  loss  = 10 log|— ^25 J (10-25) 

The  insertion  loss  and  crosstalk  can  be  found  from  Eqs.  (10-6)  and  ( 10-7).  respec- 
tively. 

An  alternative  u to  construct  star  couplers  by  cascading  3-dB  couplers  ’1'” 
Figure  10-12  shows  an  example  for  an  8 x 8 device  formed  by  using  twelve  2x2 
couplers.  This  device  could  be  made  from  either  fused-fiber  or  integrated-optic 
components.  As  can  be  seen  from  this  figure,  a fraction  1/A  of  the  launched 
power  from  each  input  port  appears  at  all  output  port*  A limitation  to  the 
flexibility  or  modularity  of  this  technique  is  that  A is  a multiple  of  2:  that  is, 
A = 2*  with  the  integer  n > I The  consequence  is  that  if  an  extra  node  needs  to 
be  added  to  a fully  connected  A x A'  network,  the  A x A star  needs  to  be 
replaced  by  a 2N  x 2A  star,  thereby  leaving  2(A  - I ) new  ports  being  unused 
Alternatively,  one  extra  2x2  coupler  can  be  used  at  one  port  to  get  A -M  out- 
puts However,  these  two  new  ports  have  an  additional  3-dB  loss. 

As  can  be  deduced  from  Fig.  10-12.  the  number  of  3-dB  couplers  needed  to 
construct  an  A x A star  is 


Kit;i  Ht  1 0-1 1 

ficncm  4 » 4 Imcdlibcr  star  coupler  fabncaicd  b>  twisting,  heating,  and  putting  on  four  fiber*  to  lit* 
litem  together 
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Example  of  an  * » X <ur  coupler  formed  b>  iniCTCcmnccting  twelve  2*2  coupler* 


aoce  Ihcrt  arc  N/l  elements  in  the  vertical  direction  and  log;  N = log  N/  log  2 
element*  horizontally.  (Reminder  We  use  "log.i"  to  designate  the  base- 10  loga- 
nthm  of  x.) 

if  the  fraction  of  power  traversing  each  3-dB  coupler  clement  is  Fr,  with 
0<f>  < I (he.,  a fraction  I - F r of  power  is  lost  in  each  2x2  element),  then  the 
ticcu  loss  in  decibels  is 

Excess  loss  = -I01og(/>*,N)  (10-27) 

The  splitting  loss  for  this  star  ts.  again,  given  by  Eq.  < 10-24).  Tims,  the  total  loss 
experienced  by  a signal  as  it  passes  through  the  log;  N stages  of  the  N x N star 
and  gets  divided  into  N outputs  is.  in  decibels, 

Total  loss  = splitting  loss  + cxccs  loss  = - 10  log 

= -|0(IOg  |^°2gF-  - log  n)  = I0(  I - 3.322  log  Ft  ) log N ( 10-28) 
This  shows  that  the  loss  increases  logarithmically  with  N. 


F.twnplc  10-5.  Consider  a commercially  available  32  x )2  single-mode  coupler  made 
from  a cascade  of  3-dB  foicd-fiber  2x2  couplers,  where  5 percent  of  the  power  is 
lost  in  each  clement  From  Eq,  (10-27),  the  excess  loss  is 

Excess  loss  = - 10log(0.95ta*  = II  dB 

and,  from  Eq.  (10-24),  the  splitting  loss  ts 

Splitting  loss  = 10  log  32  = JSdB 
Hence,  the  total  loss  is  16.1  dB. 
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10.2.5  Macfe-Zchndcr  Interferometer  Multiplexers 

Wavelength-dependent  multiplexers  can  also  be  made  using  Mach-Zehnder  inter- 
ferometry techniques  '4'’7  These  devices  can  be  either  active  or  passive  Here,  we 
look  first  at  passive  multiplexers.  Figure  10-13  illustrates  the  constituents  of  an 
individual  Mach-Zehnder  interferometer  (MZI I This  2x2  MZ1  consists  of  three 
stages:  an  initial  3-dB  directional  coupler  which  spins  the  input  signals,  a central 
section  where  one  of  the  waveguides  is  longer  by  AT  to  give  a wavelength-depen- 
dent phase  shift  between  the  two  arms,  and  another  3-dB  coupler  which  recom- 
bines the  signals  at  the  outpuL  As  we  will  see  in  the  following  derivation,  the 
function  of  this  arrangement  is  that,  by  splitting  the  input  beam  and  introducing  a 
phase  shift  in  one  of  the  paths,  the  recombined  signals  will  interfere  constructively 
at  one  output  and  destructively  at  the  other.  The  signals  then  finally  emerge  from 
only  one  output  port.  For  simplicity,  the  following  analysis  docs  not  take  into 
account  waveguide  material  losses  or  bend  losses. 

The  propagation  matrix  for  a coupler  of  length  d is 

f co s*c/  /sinm/l 

Mcoupler  . ' , (10-29) 

|jsin*a  cos  kd  J 

where  k is  the  coupling  coefficient  Since  we  are  considering  3-dB  couplers  which 
divide  the  power  equally,  then  2nd  = ir/2,  so  that 

Mempict  = ~^=  £ | (10-301 

In  the  central  region,  when  the  signals  in  the  two  arms  come  from  the  same 
light  source,  the  outputs  from  these  two  guides  have  a phase  difference  Ad  given 
by 


Ad  = 


2.Tfl| 

~r 


L — 


2jr«2 

T" 


(T  + AT) 


(10-31) 
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Spinier  shifter  Combiner 
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Layout  of  a basic  2 • J M ach  /ehndcr  interferometer 
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Note  that  this  phase  difference  can  arise  either  from  a different  path  length  (given 
by  \L)  or  through  a refractive  index  difference  if  «i  ? n:.  Here,  we  take  both 
arms  to  huve  the  same  index  and  let  ni  /i;  ntn  (the  effective  refractive  index  in 
the  waveguide)  Then  we  can  rewrite  Kq.  (10*31)  as 

A$  = kAL  (I0-32J 


w here  A = 2jtnen  />.. 

For  a given  phave  difference  A<p.  the  propagation  matrix  for  the  phase 
shifter  is 


M.u  = 


I"  c\p<  /A  A/-/2) 
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expt  -)kAL/2) 
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(10*33) 


The  optical  output  fields  £„„,  | and  L ,uL ; from  the  two  central  arms  can  be  related 
to  the  input  fields  £„,  i and  £«, : by 


(10-34) 


where 


3/  = .Wcnupirt  'ftDupiet  = 


'Mu 
. W:i 


A/,2 1 _ rsm(AA£/2)  cos(AA£/2)  "I 

A/rJ  IcostAAf.^)  - sintA A/./2) J 

(10-35) 


Since  we  want  to  build  a multiplexer,  we  need  to  h3\c  the  inputs  to  the  MZI  at 
different  wavelengths,  thut  is.  £,„(j  is  at  A|  and  £.„  ? is  at  A*.  I lien,  from  Lq.  ( lb- 
34).  the  output  fields  E ,a  i and  £„*,.»  arc  each  the  sum  of  the  individual  con- 
tnbutions  from  the  two  input  fields: 


£„w  i - |U,)sin(A|  AL/2)  + £m.:tA2)eoslA;  AL/2))  (10-36) 

£.mu  = i|£in  i(A,)coMA|  AL/2)  - £m;(A,)sin(A:  A£/2)]  ( 10-37) 

where  k,  = 2roi*ir/A,.  The  output  powers  are  then  found  from  the  light  intensity, 
which  is  the  square  of  the  field  strengths.  Thus. 

i = £,..m  i £,*„,, , = sin:(A,  AL/2)P,„  ( + cos’(Aj  AL/2)Pm j (IO-3K) 

P*. ui.2  = EoutjQu  = cos:(A|  AL/2)P,„j  + sin:(A;  At/2)/Vj  (10-39) 

where  Pm  - |£,u /|:  £m.,  £«.,  In  deriving  Eqs.  ( 10-38)  and  (10-39).  the  cross 

terms  urc  dropped  because  their  frequency,  which  ts  twice  the  optical  earner 
frequency,  is  beyond  the  response  capability  of  the  phoiodctcctor 

From  Eqs.  (10-38)  and  (10-39),  wc  see  that  if  we  want  all  the  power  from 
both  inputs  to  leave  the  same  output  port  (e  g.,  port  2).  we  need  to  have 
k,  AL/2  = it  and  A:  AL/2  = ir/2,  or 

(At  - ki)  A L = 2rmofr  j A£  = jr 


(10-40) 
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Hence,  Ihc  length  difference  in  the  interferometer  arms,  should  he 


Ititn  Ac 


where  Ai>  is  the  frequency  separation  of  the  two  wavelengths 


(1041) 


Example  10-6.  («i)  Assume  that  the  input  wavelengths  of  a 2 x 2 silicon  MZI  arc 
separated  by  10  GHz  (ie..  AX  - 0.08  nm  at  1550  nm).  With  = 1.5  in  a silicon 
waveguide,  we  have  from  (Eq.  1041)  that  the  waveguide  length  difference  must  be 


A L 


3 » 10*  m/s 

2(1  5)I0">/* 


= 10mm 


lb)  If  Ihc  frequency  separation  is  130  GHz  (i.e.,  AX  — I tun),  then  AL  — 0 77  mm 


Using  basic  2x2  MZIs,  any  size  .V  x .V  multiplexer  (with  N = 2*)  can  be 
constructed  Figure  10-14  gives  an  example  for  a 4 x 4 multiplexer.'4  Here,  the 
inputs  to  MZI)  arc  v and  c + 2 Ac  (which  we  will  call  A|  and  A},  respectively),  and 
the  inputs  to  MZI;  arc  v + Ac  and  c + 3Ac  (A;  and  Aa.  respectively).  Since  the 
signals  in  both  interferometers  of  the  first  stage  are  separated  by  2Ac,  the  path 
differences  satisfy  the  condition 


AL[  — A Z.; 


c 

2/i,m(2Ac) 


(1042) 


In  the  next  stage,  the  inputs  arc  separated  by  Ac.  Consequently,  wc  need  to  have 

AL)  = , = 2AL,  ( 1043) 

2/iritAc 


FIGVRF.  10-14 

Example  of  a loui -channel  wavelength  multiplexer  using  three  2x2  MZI  elements  i Adapted  with 
permission  from  Verbeek  el  ul . '4  c tW*.  IEEE  I 
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When  these  conditions  arc  satisfied,  all  four  input  powers  will  emerge  from  port 

C. 

From  this  design  example,  we  can  deduce  that  for  an  A'-to-l  MZ1  multi- 
plexer, where  ,V  = 2"  with  the  integer  n > I.  the  number  of  multiplexer  stages  is  n 
and  the  number  of  MZIs  in  stage  j is  2"‘‘  The  path  difference  in  an  interferometer 
element  of  stage  / is  thus 


bLoMttj  - 


2"_'n«n  Ai> 


(10-44) 


The  ,V-to-l  MZI  multiplexer  can  also  be  used  as  a I -to- At  demultiplexer  by 
reversing  the  light-propagation  direction  For  u real  MZI,  the  ideal  case  given 
in  these  examples  needs  to  be  modified  to  have  a slight  difference  in  A/.|  and  A/,: 
(see  Ref  32  for  details), 


10.2.6  Fiber  Grating  Kilters 

A grating  is  an  important  element  in  WDM  systems  for  combining  und  separating 
individual  wavelengths  Basically,  a grating  is  a periodic  structure  or  perturbation 
in  a material  This  variation  in  the  material  has  the  property  of  reflecting  or 
transmitting  light  in  a certain  direction  depending  on  the  wavelength.  Thus,  grat- 
ings can  he  categorized  as  either  transmitting  or  reflecting  gratings. 

Figure  10-15  defines  various  parameters  for  a reflection  grating.  Here,  0,  is 
the  incident  angle  of  the  light,  tfd  is  the  diffracted  angle,  and  A is  the  period  of  the 
grating  (the  periodicity  of  the  structural  variation  in  the  material).  In  a transmis- 
sion grating  consisting  of  a senes  of  equally  spaced  slits,  the  spacing  between  two 
adjacent  slits  is  called  the  pitch  of  the  grating.  Constructive  interference  at  a 


Normal  In  grating 
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Ruil-  parameter*  in  reflection  grating 
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wavelength  h occurs  m the  imaging  plane  when  the  rays  diffracted  at  the  angle 
satisfy  the  grating  aquation  given  by 

A(»n0)  — sinfld)  = mk  (HW5) 

Here,  m is  culled  the  order  of  the  grating.  In  general,  only  the  first-order  diffrac- 
tion condition  m = 1 is  considered.  (Note  that  in  some  texts  the  incidence  and 
refraction  angles  arc  defined  as  being  measured  from  the  same  side  of  the  normal 
to  the  grating  In  this  ease,  the  sign  in  front  of  the  term  stnflj  changes.)  A grating 
cun  separate  individual  wavelengths  since  the  grating  equation  is  satisfied  at 
different  points  in  the  imaging  piunc  for  different  wavelengths 

A Bragg  grating  constructed  within  an  optical  fiber  constitutes  a high- 
performance  device  for  accessing  individual  wavelengths  in  the  closely  spaced 
spectrum  of  dense  WDM  systems. Since  this  is  an  all-fiber  device,  its  main 
advantages  are  low  cost,  low  loss  (around  0.1  dB).  ease  of  coupling  with  other 
fibers,  polarization  insensitivity,  low  temperature  coefficient  (<  0.7pm/  C).  and 
simple  packaging.  A fiber  grating  is  a narrowband  reflection  filter  that  is  fabn- 
cutcd  through  u photoimprinting  process  The  technique  is  based  on  the  observa- 
tion that  germanium-doped  silica  fiber  exhibits  high  photosensitivity  a This 
means  that  one  can  induce  a change  in  the  refractive  index  of  the  core  by  exposing 
it  to  244-nm  ultraviolet  radiation  Optical  band  widths  of  100  GHz  and  less  have 
been  demonstrated  in  such  photoinduced  gratings  4,  44 

Several  methods  can  be  used  to  create  a Tiber  phase-grating.  Figure  10-16 
demonstrates  the  so-called  external-writing  technique  The  grating  fabrication  is 
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accomplished  by  means  of  two  ultraviolet  beams  transversely  irradiating  the  fiber 
to  produce  an  interference  pattern  in  the  core  Here,  the  regions  of  high  intensity 
(denoted  by  the  shaded  ovals)  cause  an  increase  in  the  local  refractive  index  of  the 
photosensitive  core,  whereas  it  remains  unaffected  in  the  zero-intensity  regions  A 
permanent  reflective  Bragg  grating  is  thus  written  into  the  core.  When  a multi- 
wavelength  signal  encounters  the  grating,  those  wavelengths  that  are  phase- 
matched  to  the  Bragg  reflection  condition  are  not  transmitted 

Using  the  standard  grating  equation  given  by  Fq.  (10-45),  with  A being  the 
wavelength  of  the  ultraviolet  light  Au».  the  period  A of  the  interference  pattern 
(and  hence  the  period  of  the  grating)  can  he  calculated  from  the  angle  0 between 
the  two  interfering  beams  of  free-space  wavelength  Au,  Note  from  Fig.  10-16  that 
ft  ts  measured  outside  of  the  fiber 

The  imprinted  grating  can  be  represented  as  a uniform  sinusoidal  modula- 
tion of  the  refractive  index  along  the  core: 

(x 

where  n^„c  is  the  unexposed  core  refractive  index  and  Aw  is  the  photoinduced 
change  in  the  index. 

The  maximum  reflectivity  R of  the  grating  occurs  when  the  Bragg  condition 
bolds:  that  is.  at  a reflection  wavelength  ABr,H  where 

^Bnjj  = 2A«e|T  (10-47) 


)] 


(10-46) 


w(r)  = /!««  + Aw  I + cos 


and  ryj  is  the  mode  effective  index  of  the  core  At  this  wavelength,  the  peak 
reflectivity  Rmtx  for  the  grating  of  length  I.  and  coupling  coefficient  * is  given 
by  (see  Prob.  10-15) 

/(nu)  = tanh'(xf.)  (10-48) 

The  full  bandwidth  AX  over  which  the  maximum  reflectivity  holds  is4: 

AA  = ^S-[(x£),+^l' (10-49) 


An  approximation  for  the  full-width  half-maximum  (FWHM)  bundwidth  is 


AAkwhM  18  *Rri*| 


1/2 


(10-50) 


where  s «»  I for  strong  gratings  with  near  100  percent  reflectivity,  and  x = 0.5  for 
weak  gratings 

For  a uniform  sinusoidal  modulation  of  the  index  throughout  the  core,  the 
coupling  coefficient  * is  given  by 

_ jt inn 


(10-51) 
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with  r}  being  the  fraction  of  optical  power  contained  in  the  fiber  core.  Linda  the 
assumption  that  the  grating  is  uniform  in  the  core,  q can  be  approximated  by 

fl  * 1 - V~7  (10-52) 

where  V is  the  V number  of  the  fiber.  A more  precise  evaluation  ts  needed  for 
nonuniform  or  nonsinusoidal  index  variations  45 

■■  Example  10-7.  (u)  The  table  below  shows  the  values  of  as  given  by  Eq  < 104*1 
for  difTerent  values  of  kL 


el 

R—  <%) 

1 

58 

2 

93 

3 

98 

(b)  Consider  a fiber  grating  with  the  following  parameters;  /.  = 0.5  cm, 
^bragf  = 1 530  nm.  <»aT  = I -48.  in  — 2.5  x 10  4.  and  r;  = 82  percent  From  Eq 
(10-51)  we  have  a = 4.2cm'"1  Substituting  this  into  Eq  (10-49)  then  yields 
A*  =0  38  nm. 

Figure  10-17  shows  a simple  concept  of  a demultiplexing  function  using  a 
liber  Bragg  grating  4*4  To  extract  the  desired  wavelength,  a circulator  is  used  in 
conjunction  with  the  grating  In  a three-port  circulator,  an  input  signal  on  one 
port  exits  at  the  next  port.  For  example,  an  input  signal  at  port  1 is  sent  out  at 
port  2.  Here,  the  circulator  takes  the  four  wavelengths  entering  port  1 and  sends 
them  out  at  port  2.  All  wavelengths  except  A.j  pass  through  the  grating.  Since  /; 
satisfies  the  Bragg  condition  of  the  grating,  it  gets  reflected,  enters  port  2 of  the 
circulator,  and  exits  at  port  3.  More  complex  multiplexing  and  demultiplexing 
structures  with  several  gratings  and  several  circulators  can  be  realized  with  this 
scheme 
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FIGURE  IIM7 

Simple  concept  of  a dcmulliptciinn  function  using  j fiber  grilling  and  an  optical  circulator 
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10.2.7  Phase- Array -Based  WDM  Devices 

A highly  versatile  WDM  device  is  based  on  using  an  arrayed  waveguide  grating 
This  device  can  function  as  a multiplexer,  a demultiplexer,  a drop-and-insert 
element,  or  a wavelength  router  Here,  we  will  look  at  one  of  a variety  of  design 
concepts  that  have  been  examined. ',*'s3  The  arrayed  waveguide  grating  is  a gen- 
eralization of  the  2 * 2 Mach-Zchndcr  interferometer  multiplexer.  One  popular 
design  consists  of  Min  input  and  A/out  output  slab  waveguides  and  two  identical 
focusing  planar  star  couplers  connected  by  A'  uncoupled  waveguides  with  a pro- 
pagation constant  /)  The  lengths  of  adjacent  waveguides  in  the  central  region 
differ  by  a constant  value  A L,  so  that  they  form  a Mach-Zehnder-typc  grating,  as 
Fig.  10-18  shows  For  a pure  multiplexer,  we  can  lake  M,„  = A'  and  Mou,  = I The 
reverse  holds  for  a demultiplexer:  that  is  M„  = I and  A/OUI  = ,V.  In  the  case  of  a 
network  routing  application,  we  can  have  Mm  = Afou,  = N 

Figure  10-19  depicts  the  geometry  of  the  star  coupler  The  coupler  acts  as  a 
lens  of  focal  length  Lf  so  that  the  object  and  image  planes  arc  located  at  a distance 
l.f  from  the  transmitter  and  receiver  slab  waveguides,  respectively,  Both  the  input 
and  output  waveguides  arc  positioned  on  the  focal  lines,  which  arc  circles  of 
radius  Lf/2.  In  Fig  10-19,  i is  the  ccnlcr-to-centcr  spacing  between  the  input 
waveguides  and  the  output  waveguides,  d is  the  spacing  between  the  grating  array 
waveguides,  and  0 is  the  diffraction  angle  in  the  input  or  output  slab  waveguide 
The  refractive  indices  of  the  star  coupler  and  the  grating  array  waveguides  arc  n, 
and  n, . respectively 

Since  any  two  adjacent  grating  waveguides  have  the  same  length  difference 
A L,  a phase  difference  2irnf  A L/k  results.  Then,  from  the  phase-matching  con- 
dition. the  light  emitted  from  the  output  channel  waveguides  must  satisfy  the 
grating  equation 


n,d  sin  9 + nrAL  — mk  ( 10-53) 

where  the  integer  « is  the  diffraction  order  of  the  grating. 
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Top  new  of  a typical  arrayed  waveguide  grating  used  as  a highly  versatile  passive  WDM  device 
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FIGURE  l(M9 
Geometry  of  the  alar  coupler 
uaed  in  the  arrayed  waveguide 
gutting  WDM  device 


Focusing  is  achieved  by  making  the  path-length  difference  A1  between 
adjacent  array  waveguides,  measured  inside  the  array,  to  be  an  integer  multiple 
of  the  central  design  wavelength  of  the  demultiplexer 

AL  = m-  (10-54) 


where  Ac  is  the  central  wavelength  in  vacuum;  that  is.  it  is  defined  as  the  past 
wavelength  for  the  path  from  the  center  input  waveguide  to  the  center  output 
waveguide. 

To  determine  the  channel  spacing,  we  need  to  find  the  angular  dispersion 
This  is  defined  as  the  incremental  tuicrul  displacement  of  the  focal  spot  along  the 
image  plane  per  unit  frequency  change,  and  is  found  by  differentiating  Eq.  (10-53) 
with  respect  to  frequency  Doing  so.  and  considering  the  result  in  the  vicinity  of 
<1  = 0.  yields 


JO  _ rnk2  n„ 
dv  n,cd  it, 


(10-55) 


where  the  group  index  of  the  grating  array  waveguide  is  defined  as 


(10-56) 
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In  terms  of  frequency,  the  channel  spacing  Av-  is 


_ x (d0\  _ x n,cd  n( 
Al  Lf  Ve/t</  Lf  mk:  nt 


or,  in  terms  of  wavelength. 


AA  - — — — — — — — 

L)  m nt  Lf  A L n, 


(10-57) 


(10-58) 


Equations  ( 10-57)  and  (10-58)  thus  define  the  pass  frequencies  or  wavelengths  for 
which  the  multiplexer  operutes.  given  that  it  is  designed  for  a central  wavelength 
A,  We  also  note  that  by  making  A L large,  the  device  can  multiplex  and  demulti- 
plex optical  signals  with  very  small  wavelength  spacings 

Hi  Example  10-8.  Consider  an  .V  * ft  waveguide  grating  multiplexer  having 
L,  = 10  mm.  i = = 5 |iro.  n,  - I 45.  and  a central  design  wavelength 
A,  - 1550  nm  For  m = 1,  the  waveguide  length  difference  from  Eq.  (10-54)  is 


AZ.  = m—  i 

", 


1 550  nm 
1.45 


I .069  pm 


If  n,  = I 45  and  n,  - 1.47.  then  from  Eq  (10-58)  we  have 

x n,d  n,  5 (1.45X5)  1.45 

Aa  = = — -r-rziim  = 3.58  nm 

t.f  m n,  10*  I 1.47 


Equation  (10-53)  shows  that  the  phused  array  is  periodic  for  each  path 
through  the  device,  so  that  after  every  change  of  2*  in  9 between  adjacent  wave- 
guides the  field  will  again  be  imaged  at  the  same  spot.  The  period  between  two 
successive  field  maxima  in  the  frequency  domain  is  called  the  free  spectral  range 
(FSR)  and  can  be  represented  by  the  relationship51 


Ai’fsk  = 


nt  ( A L + d sin  9t  -+■  d sin  #„) 


(10-59) 


where  9,  and  0tl  arc  the  diffraction  angles  in  the  input  and  output  wuvcguides. 
respectively  These  angles  are  generally  measured  from  the  center  of  the  array,  so 
that  we  have  9,  = jx/L.  and  9„  = kx/Lf  for  the  jih  input  port  and  the  fcth  output 
port,  respectively,  on  either  side  of  Ihc  central  port.  This  shows  that  the  FSR 
depends  on  which  input  and  output  ports  the  optical  signal  utilizes  When  the 
ports  arc  across  from  each  other,  so  that  9,  - 9n  = 0.  then 


Aufsr  = 


rtf  A L 


( 10-bO) 


10.3  TUNABLE  SOURCES 

Many  different  laser  designs  have  been  proposed  to  generate  the  spectrum  of 
wavelengths  needed  for  WDM.  One  can  choose  from  three  basic  options:  (I) 
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a senes  of  discrete  DI  B or  DBR  lasers,  (2)  wavelength-tunable  (or  frequency- 
tunable)  lasers,  or  (3)  a mulliwavcicngth  laser  array. 

The  use  of  discrete  single-wavelength  lasers  is  the  simplest  method  Here, 
one  hand-selects  individual  sources,  each  of  which  operates  at  a different  wave- 
length Although  it  is  straightforward,  this  method  can  be  expensive  because  of 
the  high  cost  of  individual  lasers.  In  addition,  the  sources  must  be  carefully 
controlled  and  monitored  to  ensure  that  their  wavelengths  do  not  drift  with 
lime  and  temperature  into  the  spectral  region  of  adjacent  sources. 

With  a frequency-tunable  laser,  one  needs  only  this  one  source.'4'"'  These 
devices  are  based  on  DFB  or  DBR  structures,  which  have  a waveguide-type 
grating  filter  in  the  lasing  cavity  (as  is  described  in  Chap.  4)  Frequency  tuning 
is  achieved  either  by  changing  the  temperuture  of  the  device  (since  the  wavelength 
changes  approximately  0.1  nm/  C).  or  by  altcnng  the  injection  current  into  the 
active  (gain)  section  or  the  passive  section  (yielding  a wavelength  change  of 
0.H  x I0*J  to  4.0  x I0"J  nm  mA.  or.  equivulently,  I to  5 GHz/mA)  The  latter 
method  is  generally  used  This  results  in  a change  in  the  effective  refractive  index, 
which  causes  a shift  in  the  peak  output  wavelength.  The  maximum  tuning  range 
depends  on  the  optical  output  power,  with  a larger  output  level  resulting  in  a 
narrower  tuning  range  Figure  10-20  illustrates  the  tuning  range  of  an  injection- 
tunable  three-section  DBR  laser 


HClRt  10-241 

Tuning  range  of  an  imcciiun  tunable  Ihrec-wtion  DBR  laser  (Reproduced  With  pcrmiinion  from 
Sunn*  ci  «l  .*•  t 1104.  IEEE.) 
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The  tuning  range  AA,„i*  can  be  estimated  by 

AA-tunt  Anc(r 

A ritiT 


(10-61) 


where  An^r  » the  change  tn  the  effective  refractive  index  Practically,  the  max- 
imum index  change  is  around  I percent,  resulting  in  a tuning  range  of  10  1 5 nm 
Figure  10-21  depicts  the  relationships  between  tuning  range,  channel  spacing,  and 
source  spectral  width  To  avoid  crosstalk  between  adjacent  channels,  a channel 
spacing  of  10  times  the  source  spectral  width  AAtir,,i  is  often  specified  That  is, 

A^h.^  * 10AA.HglM|  (10-62) 

Thus,  the  maximum  number  of  channels  .V  that  can  be  placed  in  the  tuning  range 
AAtuot  is 

S * AW  (10-63) 

AXdumn*) 


Example  10-9.  Suppose  that  the  maximum  index  change  of  a particular  DBR  laser 
operating  at  1550  nm  is  0.65  percent  Then,  the  tuning  range  is 

AAlu„  = = <1550  nmKO  0065)  = 10  nm 

If  the  source  spectral  width  is  0.02  nm  for  a 2.5-Gb/x  signal,  then  the  number 

of  channels  that  can  operate  in  this  tuning  range  is 


N =» 


AJU 


lOnm 


Afdwwi  10(0  02  nm) 


= 50 


An  array  of  tunable  lasers  provides  a more  versatile  implementation  in  large 
WDM  networks,60  In  addition  to  greater  flexibility  of  use.  these  arrays  cun  be 
integrated  on  the  same  substrate  as  multiplexing  components.  Most  laser  arrays 
are  fabricated  from  a combination  of  DFB  and  MQW  architectures.  The  letters 
MQW  stand  for  multiple  quantum  well,  which  is  u multilayer  structure  used  to 
enhance  the  carrier  and  optical  confinement  in  thin  active  areas  (sec  See  4.3.5) 
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RdiUcHuhip  between  liming  range,  channel  spacing,  and  source  spectral  width 
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Chic  possible  itmfigui ulum  of  nn  array  of  (unable  MQW-DFB  lorn  and  a light-power  combiner  all 
fabricated  an  (he  tame  wafer 


Basically,  MQW  allows  a low  threshold  current  in  the  active  area  and  DFB  is  used 
for  frequency  tuning.  Figure  10-22  shows  one  possible  configuration  with  several 
MQW-DFB  lasers  fabricated  on  the  same  wafer.  As  described  in  Sec.  4,3.6.  hy 
introducing  a quarter-wavelength  shift  in  the  corrugation  at  the  center  of  the 
optical  cavity,  the  lasing  wavelength  of  each  DFB  laser  in  the  urray  will  coincide 
with  the  Bragg  wavelength  of  the  grating,  which  is  (for  a first-order  grating) 

*Hr»ra  = 2n«nA  110-64) 

where  A is  the  grating  spatial  period  Thus,  there  arc  two  options  for  obtaining 
multiple  wavelengths  in  such  an  arruy.  One  can  either  vary  the  grating  spatial 
period  of  each  laser  during  the  manufacturing  process:  or  one  can  fabricate  each 
laser  to  have  a different  waveguide  thickness,  which  creates  a different  energy 
band-gap.  and  hence  a different  lasing  wavelength,  in  the  active  region 

Other  designs  utilize  an  integrated  combination  of  an  optical  source  (either  a 
broadband  laser  diode  or  an  LED),  a waveguide  grating  multiplexer,  and  an 
optical  amplifier.*1  In  this  method,  which  is  known  as  spectral  slicing,  a 
broad  spectral  output  (e  g.,  from  an  amplified  LED)  is  spectrally  sliced  by  the 
waveguide  grating  to  produce  a comb  of  precisely  spaced  optical  frequencies, 
which  become  an  array  of  conslunt-outpui  sources  These  spectral  slices  are 
then  fed  into  a sequence  of  individually  addressable  wavelength  channels  that 
can  be  modulated  externally. 


10.4  TUNABLE  FILTERS 

Optical  filters  that  arc  dynamically  tunable  over  a certain  optical  frequency  bund 
can  be  used  to  increase  the  flexibility  of  a WDM  network.  Most  tunable  optical 
filters  operate  on  the  same  principles  as  pussivc  devices.  The  main  difference  is 
that,  in  active  devices,  at  least  one  branch  of  the  coupler  can  have  its  length  or 
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refractive  index  slightly  altered  by  means  of  a control  mechanism  such  as  a 
voltage  or  temperature  change  This  allows  the  network  operator  to  select  specific 
optical  frequencies  to  pass  through  the  filter.*465 


10.4.1  System  C onsiderations 

Figure  10-23  shows  the  basic  concept  of  a tunable  optical  filter.  Here,  the  filter 
operates  over  a frequency  range  Ac.  and  is  electrically  tuned  to  allow  only  one 
optical  frequency  band  to  pass  through  it  The  relevant  system  parameters  include 
the  following: 

1.  The  tuning  range  Ai>  over  which  the  filter  can  be  tuned  It  the  filter  needs  to  be 
tuned  over  one  of  the  long-wavelength  transmission  windows  at  1300  or  1 500 
nm.  then  25  THz.  (or  AA  = 200  nm|  is  a reasonable  tuning  range  In  networks 
using  fiber-based  optical  amplifiers,  which  arc  addressed  in  Chap  1 1,  a max- 
imum range  of  AA  = 35  nm  centered  at  1550  nm  (At>  = 4.4  THz  centered  at 
193.1  THz)  may  be  adequate.  Gain-flattened  amplifiers  need  wider  ranges 

2.  The  channel  spacing  <tv.  w hich  is  the  minimum  frequency  separation  between 
channels  that  is  required  to  guarantee  a minimum  crosstalk  degradation.6667 
The  crosstalk  signal  level  from  an  adjacent  channel  should  generally  be  about 
30  dB  below  the  desired  signal  in  order  to  have  adequate  system  performance 

3.  The  maximum  number  of  channels  S,  which  is  the  maximum  number  of 
equally  spaced  channels  that  can  be  packed  into  the  tuning  range  while  main- 
taining un  adequately  low  level  of  crosstalk  between  adjacent  channels.  This  is 
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D&mc  concept  of  a tunable  optical  fillet 
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defined  as  the  ratio  of  the  total  tuning  range  At'  to  the  channel  spacing  iv, 
that  in. 


A = — (10-65) 

Sv 

4.  Hie  tuning  speed,  which  designates  how  quickly  the  filter  can  be  reset  from 
one  frequency  to  another  For  applications  where  a channel  is  left  set  up  for  a 
relatively  long  time  (minutes  to  hours),  a millisecond  tuning  speed  is  suffi- 
cient However,  if  one  wants  to  switch  information  packets  rapidly,  then 
submicrosccond  tuning  times  are  required.  For  example,  at  a 2.5-Gb/s  chan- 
nel rate,  the  time  to  transmit  a 500-bit  packet  is  only  0.2  /is. 


10.4.2  Tunable  Filter  Types 

Many  technologies  have  been  examined  for  creating  tunable  optical  filters. 
During  the  evolution  of  WDM  methodologies,  interest  has  moved  toward  systems 
that  have  fixed  frequency  spacings  with  channel  separations  that  arc  multiples  of 
100  GHz  (or  0.8  nm  in  the  1550-nm  transmission  window)  Thus,  here  we  will 
concentrate  on  those  tunable  optical  filters  for  which  Sv  < lOOGliz  (6k  < I nm). 
Such  devices  include  the  following: 

• Tunable  2x2  directional  couplers  have  multiple  control  electrodes  placed  on 
the  coupling  waveguides.• **  Figure  10-24  illustrates  a multiclectrodc  asymmetric 

directional  coupler  fabricated  on  a LiNbOy  crystal,  where  one  arm  is  thinner  than 
the  other  For  a wuvclenglh-dropping  application  in  this  device.  M wavelengths 
enter  input  port  I.  Applying  a specific  voltage  to  the  electrodes  changes  the 
refractive  index  of  the  waveguides,  thereby  selecting  one  of  the  wavelengths, 
say  A„  to  be  coupled  to  the  second  wuveguidc,  so  that  it  exists  from  port  4 
The  remaining  M - I wavelengths  pass  through  the  device  and  leave  from  port  3 


M electrode* 


m.l  Rt  10-24 

Concept  of  a tunable  multiciectrode  asymmetric  directional  coupler  I Adapted  with  perminion  from 
Brook « and  Ruschm.**  C 1995,  I BEE.) 
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To  insert  a wavelength  anil  combine  it  with  an  input  stream  entering  port  1. 
one  inserts  k,  into  port  2,  so  that  it  couples  across  to  the  top  waveguide.  Thus,  it 

exits  port  3 along  with  the  other  wavelengths  A.| a*/  that  entered 

port  I. 

Tuning  ranges  for  these  type  of  filters  are  on  the  order  of  60  nm  with 
channel  bandwidths  of  around  I nm  (125  GHz  at  1550  nm). 

• Tunable  Mach-Zehnder  interferometers  use  either  thermo-optic  or  elect  ro-optit 
control  mechanisms  to  change  the  length  of  the  interferometer  arms.65  w Thermo- 
oplk  tuning  in  about  I ms  has  been  demonstrated  over  1 2 channels  spaced  5 GHz 
apart.  Electro-optic  tuning  has  been  accomplished  over  eight  channels  spaced  50 
GHz  apart  in  optical  frequency  (0.4  nm  in  wavelength  at  1 550  nm)  in  less  than  50 
ns  This  was  done  with  a cascade  of  three  tunable  MZIs,  as  shown  in  Fig  10-25 
Here,  the  path-length  differences  in  the  three  MZ1  stages  were  I 4.  0.7.  and  0.35 
mm  li.e..  a ratio  of  4 2 ■ I).  to  achieve  frequency  spacings  of  50.  100.  and  200 
GHz,  respectively.  Any  one  of  the  eight  channels  can  be  selected  by  varying  the 
path-length  difference  in  each  MZ1  stage.  This  is  done  by  applying  the  appro- 
priate voltages  to  electrodes  attached  to  the  interferometer  arms  in  each  MZ1. 

• Fiber  Fabry- Perot  filters  work  on  the  principle  of  partial  interference  of  the 
incident  beam  with  itself  in  a mirrored  resonant  cavity  to  produce  transmission 
peaks  and  nulls  in  the  frequency  domain  70  71  Figure  10-26  shows  an  example  of  a 
tunable  fiber  Fabry-Perot  filter  The  ends  of  two  single-mode  fibers  are  polished 
and  coated  with  a reflecting  dielectric  material  The  fibers  are  then  mounted 
between  two  piezoelectric  crystals  and  arc  spaced  a distance  d apart  to  form  a 
Fabry-Perot  cavity  Applying  a voltage  to  the  piezoelectric  crystals  causes  them  to 
expand  slightly,  which  changes  the  spacing  between  the  dielectric  mirrors.  Thus, 
the  resonant  frequency  of  the  device  can  be  changed  by  adjusting  the  spacing  in 
the  cavity,  fhese  devices  have  narrowband  tuning  capabilities  over  a wide  spectral 


4|,ij  


FIGURE  10-25 

Ttirce-uage  tunable  MZI  filler  (Reproduced  with  pcnmtsion  (rom  Woolen  el  at  i IW6,  ICEE) 
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range  (e  g . 100  channels  with  5-GHz  bandpasses),  hut  are  relatively  slow,  with 
switching  speeds  from  one  wavelength  to  another  being  on  the  order  of  1 00  pv 

• Tunable  waveguide  arrays  are  based  on  a combination  of  waveguide  grating 
routers  and  either  optical  amplifiers73  or  optical  switches77  at  each  array  output. 
By  appropriately  biasing  the  optical  amplifiers  to  increase  or  attenuate  spectral 
components,  or  through  specific  on/ofT  settings  of  optical  switches,  each  WDM 
channel  can  be  selected  to  either  pass  through  the  filter,  be  equalized  in  amplitude 
with  the  other  wavelengths,  or  be  dropped  (channelled  off)  to  a receiver.  Channel 
handwidlhs  of  60  GHz  (aboul  0.5  rnnl  with  channel  spacings  of  195  GHz  have 
been  demonstrated. 

• Liquid-crystal  Fabry-Perot  filters  are  based  on  the  use  of  high-speed  clcctro- 
clinic  liquid  crystals  inside  a Fabry-Perot  cavity  7 In  this  case,  the  liquid  crystal 
is  positioned  between  the  two  fiber  end  faces,  and  thus  becomes  part  of  the  Fabry- 
Perot  cavity.  These  filters  can  be  widely  tuned  by  applying  a voltage  across  the 
crystal,  which  changes  the  refractive  index,  and  hence  the  optical  path  length,  in 
the  cavity  material  Switching  times  of  less  than  10  ms.  a tuning  range  of  13  nm. 
and  a channel  spacing  of  0.7  nm  (88  GHz)  have  been  achieved  when  the  operating 
wavelength  is  centered  at  1550  nm 

• Tunable  mulngrating  filters  can  be  used  to  add  and  drop  any  number  of  N 
dilTcrent  wavelengths.47  ' Figure  10-27  illustrates  the  concept,  which  uses  two 
three-port  circulators  with  a scries  of  N electrically  tunable  fiber-based  reflection 
gratings  placed  between  them.  One  grating  is  used  for  each  wavelength  in  the 
system  The  demultiplexer  separates  the  dropped  wavelengths  into  individual 
channels  and  the  multiplexer  combines  wavelengths  for  transmission  over  the 
fiber  trunk  line 

The  device  operates  as  follows:  a scries  of  up  to  A'  wavelengths  enter  port  I 
of  the  left-hand  ctrculutor  and  exit  at  port  2.  In  the  untuned  state,  each  fiber 
grating  is  transparent  to  all  wavelengths  However,  once  a grating  is  tuned  to  a 
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Multiple  tunable  fibet  (trainin'.  utcii  m cvinjuiKUon  with  two  optiuil  circulator*  to  uikl  and  drop  «n> 
number  of  N dtfTercni  wavelength* 


specific  wavelength,  this  light  will  be  reflected  back,  re-enter  the  left-hand  circu- 
lator through  port  2.  anti  exit  from  port  3 to  the  demultiplexer  This  am  be  done 
for  any  desired  number  of  channels  All  remaining  wavelengths  that  are  nor 
reflected  pass  through  to  the  nght-hund  circulator.  Here,  they  enter  port  I and 
exit  from  port  2-  To  add  or  reinsert  wavelengths  that  were  dropped,  one  injects 
these  into  port  3 of  the  nght-hund  circulator  They  first  come  out  of  port  I and 
travel  toward  the  senes  of  tuned  fiber  gratings  The  tuned  gratings  reflect  each 
wavelength  so  that  they  head  back  toward  the  right-hand  circulator  und  pass 
through  it  to  combine  with  the  other  wavelengths. 


• Acouxlo-optk  tunable  /then  ! AOTFs!  operate  through  the  interaction  of 
photons  and  acoustic  waves  in  a solid  such  as  lithium  mobutc  Figure  10-28 
shows  the  basic  operation.”'*"'  Here,  an  acoustic  transducer,  which  is  modulated 
by  a nominal  175-MHz  radio-frequency  (RM  signal,  produces  a surface  acoustic 
wave  in  the  LiNbOi  crystal  Tins  wave  sets  up  an  artificial  grating  in  the  solid,  the 
grating  period  being  determined  by  the  frequency  of  the  driving  RF  signal  More 
than  one  grating  can  be  produced  simultaneously  by  using  a number  of  different 
dnvmg  frequencies  Input  wavelengths  that  match  the  Bragg  condition  of  the 
gratings  are  coupled  to  the  second  branch  of  the  AOTF.  while  the  other  wave- 
lengths continue  on  through  Analogous  to  multigrating  filters,  conventional 
AOTFs  cun  pass  one  or  more  frequencies  spaced  more  than  500  GHz  apart,  or 
they  can  pass  one  or  several  4-nm  spectral  bands.  Switching  speeds  arc  on  the 
order  of  10  ps  with  tuning  ranges  of  nominally  145  nnt  A new  type  of  tunable 
AOTF  structure  featuring  triple-stage  film-loaded  waveguides  has  been  demon- 
strated to  operate  with  a 3-dB  optical  bandwidth  of  0.37  nm.  thus  showing  the 
possibility  of  applying  AOTFs  to  mi-T-rccornmcnded  0.8-nm-spaced  systems.  " 
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FIGURE  I0-2J* 

Basic  construction  and  operation  of  an  acousto-optic  tunable  filler  Here,  A|  and  Aj  are  selected  to  ha 
dropped  at  a node  and  the  other  wavelengths  pan  through  (Adapted  with  permission  from  Smith  cl 
•L.”  < 1990,  IEEE  I 


PROBLEMS 

10-1.  An  optical  transmission  system  is  constrained  to  have  500-GHz  channel  s pacings 
How  many  wavelength  channels  can  be  utilized  m the  l536-to-l556-nm  spectral 
band'’ 

10-2.  A product  sheet  for  a 2 x 2 single-mode  bicomca!  tapered  coupler  with  a 40/40 
splitting  ratio  states  that  the  insertion  losses  are  2 7 dR  for  the  60-pcrcenl  channel 
and  4 7 dB  for  the  40- percent  channel 

(ij)  If  the  input  power  Pt,  = 200 /iW.  find  the  output  levels  Pi  and  /*» 

</>)  Find  the  excess  loss  of  the  coupler. 

(el  From  the  calculated  value*  of  P\  and  P j.  verify  that  the  splitting  ratio  is  4040 

10-3.  Consider  the  coupling  ratios  as  a function  of  pull  lengths  as  shown  in  Fig  PH).  3 for 
a fused  bicomcal  tapered  coupler  The  performances  are  given  for  1310-nm  and 
1 540-nm  operation  Discuss  the  behavior  of  the  coupler  for  each  wavelength  if  its 
pull  length  is  stopped  at  the  following  points;  A.  B,  C,  D.  E.  and  each  F 

10-4.  Consider  the  2 x 2 coupler  shown  in  Fig  10-6.  where  A and  B are  the  mntnce* 
representing  the  field  strengths  of  the  input  and  output  propagating  waves,  respec- 
tively For  a given  input  U|.  we  impose  the  condition  that  there  is  no  power  emerg- 
ing from  the  second  input  port,  that  is.  t/j  = 0.  Find  expressions  for  the 
transmissivity  T and  the  reflectivity  R in  terms  of  the  elements  in  the  scattering 
matrix  S given  in  Eq.  (1041) 

10-5.  A 2 x 2 waveguide  coupler  has  <r  = 0.4  mm*1,  a = 0.06mm  and  A/I  = 0 How 
long  should  a be  to  make  a 3-dB  power  divider'’  If  that  length  is  doubled,  what 
fraction  of  the  input  power  emerges  from  the  second  channel? 

10-6.  Suppose  we  have  two  2x2  waveguide  couplers  (couplets  A and  B>  that  haw 
identical  channel  geometries  and  spactngs.  and  are  formed  on  the  same  substrate 
material  If  the  index  of  refraction  of  coupler  A is  larger  than  that  of  coupler  B 
which  device  has  a larger  coupling  coefficient  a?  What  does  this  imply  about  the 
device  lengths  needed  in  each  ease  to  form  a 3-dB  coupler? 
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Pull  length  (mm) 
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10-7.  Measurement  on  a 7 x 7 Mar  coupler  yield  the  insertion  losses  from  input  port  I to 


each  output  port  shown  in  Table  PI 0-7  Find  the  total  excess  loss  through  the 
coupler  for  inputs  to  port  1 

TA*l.f.  PI 0-7 

Exit  port  ao  12  3 4 

5 

6 7 

luertion  loss  (dB)  9 33  7 93  7.53  9.03 

963 

X 64  904 

10-11.  Consider  an  optical  fiber  transmission  star  coupler  that  has  seven  inputs  and  seven 
outputs  Suppose  the  coupler  is  constructed  by  arranging  the  seven  fibers  in  a 
circular  pattern  la  ring  of  six  with  one  in  the  center)  and  butting  them  against 
the  end  of  a glass  rod  that  serves  as  the  mixing  element 

(u)  If  the  fibers  have  50- /im  core  diameters  and  l25-)im  outer  cladding  diameters, 
what  is  the  coupling  low  resulting  from  light  escaping  between  the  fiber  cores' 
Let  the  rod  diameter  be  300 /tm.  Assume  the  fiber  cladding  is  not  removed 
(h)  What  is  the  coupling  loss  if  the  fiher  end*  arc  arranged  in  a row  and  a 50 
iim  * K00-|jm  glass  plate  is  used  as  the  star  coupler'* 

10-9.  Repeat  Prob,  10-8  for  seven  fibers  that  have  200- /am  cote  diameters  and  400-gnt 
outer  cladding  diameters  What  should  the  vires  of  the  glass  rod  and  the  glass  plate 
be  in  this  ease? 

10-10.  Suppose  an  A x A star  coupler  is  constructed  of  n 3-dB  2*2  couplers,  each  of 
which  has  a 0 I -dB  excess  loss  Find  the  maximum  value  of  m and  the  maximum  size 
N if  the  power  budget  for  the  star  coupler  is  30  dB 
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10*11.  lining  Eq.  (10*29)  for  the  2x2  coupler  propagation  matnx.  derive  the  expressions 
for  Af 1 1 . Mu,  Mu.  and  Mx  in  Eq  (10*35)  From  this,  find  the  more  general 
expressions  for  the  output  powers  given  by  Eqs.  (10-38)  and  (10-39) 

10-12.  Consider  the  4 x 4 multiplexer  shown  in  Fig-  10*14 

(а)  If  ai  = 1548  nm  and  Av  = 125  OH/,  what  ore  the  four  input  wavelengths'’ 

(б)  If  iirfr  = 1 5.  whai  are  the  values  of  Ai.|  and  A/.i? 

HFIJ.  Following  the  same  line  of  analysis  as  in  Example  10-6.  use  2 x 2 Mach-Zchndcr 
interferometers  to  design  an  8*to*l  multiplexer  that  can  handle  a channel  separa- 
tion of  25  GH Let  the  shortest  wavelength  be  1550  nm.  Specify  the  value  of  A/, 
for  the  2 x 2 MZIs  in  each  stage. 

10-14.  A plane  reflection  grating  can  be  used  us  a wavelength-division  multiplexer  when 
mounted  as  shown  in  Fig  PI0-14  The  angular  properties  of  this  grating  are  given 
by  the  grating  equation 

. „ kX 
sin  - sin  0 = — 

H A 

where  A is  the  grating  period,  k is  the  interference  order,  n is  the  refractive  indes  of 
the  medium  between  the  lens  and  the  grating,  and  4 and  0 arc  the  angles  of  the 
incident  and  reflected  beams,  respectively,  measured  normal  to  the  grating 
to)  Using  the  grating  equation,  show  that  the  angular  dispersion  is  given  by 

dd  k 2 tan  ft 
dk  ~ n\co$(t  A 

(h)  If  the  fractional  beam  spread  S is  given  by 
'f  = 2(l-t-m)^tanJ0 

where  m is  the  number  of  wavelength  channels,  find  the  upper  limit  on  9 for  beam 
spreading  of  less  than  I percent  given  that  AA  = 26  nm,  A = 1350  nm.  and  m = 3. 
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10-15,  On  ihc  same  graph,  make  plots  of  the  reflectivity  Xina,  given  by  Eq  ( l(M8)  and  the 
transmissivity  T = I - Rm„  for  a fiber  Bragg  grating  as  a function  of  */.  for 
0 < < 4 If  « =0,75  mm'1,  at  what  grating  length  does  one  get  93  percent 

reflectivity? 


mom  tvs 


10-16.  (This  problem  is  best  solved  using  a numerical  program  on  a computer  ) Based  on 
coupled -mode  ibeory.  the  reflectivity  of  a fiber  gnilmg  is  given  hy‘- 


_ Ur JL)1  sinhMSL)  r , f j ,.*,4 

ft  ~ s 5 • « for  <*£.)  > (AfILY 

(Afil.f  sinh'l.V/.M-  (.V/.r  coshn  S7. 1 


and 


{KL):un2lQU 
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R = — -4~~r  ~ . for  (« U)3  < (A/1/.)3 


where 
SL  = (A/1/.) 


[aa'-r 


and  Ql  = (A/S/.)  I 


-(«)] 


1/3 


Here,  Ap  = p - p-e/A  = iirUrfi  /a  - pit/ A.  with  A being  ihe  grating  period  and  p an 
integer  For  values  of  «/.  = 1.2.  3.  and  4.  plot  ftl*/.|  as  a function  of  A/I/,  for  the 
range  -10  < ApL  < 10.  Note  that  R ...  is  found  by  setting  A/I  = 0 

ID-17.  Using  the  expression  for  RikLt  given  in  Prob  10-16.  dense  l\)  ( 10-49),  which  gises 
Hie  full  bandwidth  AA  measured  between  ihe  zeros  on  either  side  of  ft...,. 

10-18.  A 0.5-cm-long  fiber  Bragg  grating  is  constructed  by  irradiating  a single-mode  fiber 
with  u pair  of  244-nm  ultraviolet  light  beams.  Ihe  liber  has  I = 2.405  and 
nH t =.  I 48  The  half-angle  between  the  two  beams  is  (1/2  - 13.5"  If  the  pholo- 
inducrd  index  change  is  2.5  x 10  4.  find  Ihe  following; 

(«)  the  grating  period, 

(hi  the  Bragg  wavelength. 

(e)  the  coupling  cocfTicient. 

((/)  the  full  bandwidth  AA  measured  between  the  zeros  on  either  side  of  ft,n„ 

(e)  Ihe  maximum  reflectivity. 

10-19.  Show  that  F.q.  ( 10-55)  follows  from  the  dilTctcntiation  of  Ft).  ( 10-53)  with  respect  to 
frequency 

10-20.  Consider  a waveguide  grating  multiplexer  that  has  the  value*  lor  the  operational 
variables  listed  in  Table  P10-20 
(ill  Find  the  waveguide  length  difference 

(6)  Calculate  the  channel  spacing  Av  and  the  corresponding  pass  wavelength  dif- 
ferential AA 


TABU  CIO-20 


Symbol 

Parameter 

Value 

Fiscal  length 

9 38  mrn 

h 

Ccolcr  wavelength 

1554  nm 

X 

Array  channel  index 

1 451 

% 

Group  index  for  *, 

1 475 

A 

Slab  waveguide  index 

1453 

V 

Input  output  waveguide  » pacing 

25|un 

4 

Graung  waveguide  spacing 

2$  run 

m 

DifTrochun  order 

1)8 
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(<r)  What  is  the  free  spectral  range  lor  diagonally  oppowte  ports  in  this  device? 
(</l  Letting  ft,  = lx/ L,  and  ft,,  — kx/L, . what  is  the  FSR  lor  j — 2 and  k = 8'* 

10>21 . Consider  a tunable  l)BR  laser  operating  at  1 550  nm  that  has  a linewidth  (frequents 
spread)  of  I 25  GHz  If  the  maximum  index  change  is  0.55  percent,  how  many 
wavelength  channels  can  this  laser  provide  if  the  channel  spacing  is  10  times  the 
source  spectral  width? 

10-22.  Consider  a GulnAsP  MQW  DBR  laser  diode  that  has  an  effective  index  of  3 2. 
(a)  Find  the  grating  period  A that  generates  a 1 550-nm  output 
(hi  If  a 2-nm  channel  separation  is  desired,  find  the  incremental  change  in  A that  is 
required  between  channels 

10-2.1.  Consider  a tunable  2x2  MZ1  thut  is  constructed  on  un  electro-optical  crystal 
having  an  effective  index  of  1.5. 

(a)  If  the  MZ1  is  used  to  combine  two  wavelength  channels  separated  by  02  nm. 

find  the  required  A L if  the  wavelength  is  centered  at  1550  nm 
(hi  Assume  the  parameter  A/,  is  varied  by  electrically  modulating  the  refractive 
index  of  the  electro-optical  crystal  Wlial  is  the  index  change  needed  if  the 
waveguide  length  is  100  mm?  Note  that  the  effective  optical  path  length  Uv 
m a waveguide  is  given  by  = n*n  l. 

I IF  24.  The  transmitted  optical  intensity  /,  in  a lunable  liber  Fabry-Perot  filter  is  given  by 

/ = ^ 

I + i&aniAfl 
H-RY 


where  /,  is  the  incident  intensity.  R is  the  reflectivity  of  the  dielectric  mirrors,  k n 
the  propagation  constant  of  the  lightwave,  and  </  ts  the  spacing  of  the  mirrors. 
Then.  Ikd  is  the  phase  of  the  wave  for  one  roundtnp  in  the  Fabry-Perot  cavity  Plot 
the  intensity  /,  as  a function  of  kd  for  values  of  R -0  04.  0 3.  and  0.9  over  the 
range  0 < kJ  ^ 2x. 

10-25.  The  optical  frequency  u„  and  the  ucoustic  frequency  f„  (i.e , the  RF  driving 
frequency)  in  an  AOTF  arc  related  by 


where  i'*  is  the  speed  of  sound  in  the  crystal  and  An  U the  birefringence  of  the 
crystal  Consider  an  AOTF  constructed  from  TcOj  in  which  u4  = 670 m/s  and 
An  = 0.11. 

(а)  Whut  arc  the  driving  frequencies  needed  to  deflect  the  following  wavelengths: 
1300  nm.  1546  nm.  1550  nm.  and  1554  nm? 

(б)  What  is  the  wavelength  tuning  sensitivity  with  respect  to  the  driving  frequency 
in  rnn/kHz.? 
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CHAPTER 

11 


OPTICAL 

AMPLIFIERS 


Traditionally,  when  setting  up  an  optical  link.,  one  formulates  a power  budget  and 
adds  repeaters  when  the  path  loss  exceeds  the  available  power  margin.  To  amplify 
an  optical  signal  with  a conventional  repeater,  one  performs  photon-to-dcctron 
conversion,  electrical  amplification,  retiming,  pulse  shaping,  and  then  electron-to- 
photon  conversion.  Although  this  process  works  well  for  moderate-speed  single- 
wavelength  operation,  it  can  be  fairly  complex  and  expensive  for  high-speed 
multiwavclength  systems  Thus,  a great  deul  of  effort  has  been  expended  to 
develop  all-optical  amplifiers.  These  devices  operate  completely  in  the  optical 
domain  to  boost  the  power  levels  of  lightwave  signals  for  the  two  long-wavelength 
transmission  windows  of  optical  fibers.1'4 

Tins  chapter  first  looks  at  the  basic  usage  of  optical  amplifiers  and  classifies 
the  two  fundamental  amplifier  types  semiconductor  optical  amplifiers  (SOAs) 
and  doped-fiber  amplifiers  (DFAs).  Section  11.2  discusses  SOAs.  which  arc 
based  on  the  same  operating  principles  as  laser  diodes  This  discussion  includes 
external  pumping  principles  and  gain  mechanisms.  Next,  Sec  1 1.3  gives  details  on 
erbium-doped  fiber  amplifiers  (EDFAs).  which  arc  widely  used  in  the  1550-nro 
window  for  optical  communication  networks.  Noise  effects  arc  discussed  in  Sec 
1 1 .4  The  topic  of  Sec.  1 1 .5  is  applications  of  EDFAs  in  three  fundamental  con- 
figurations. Finally.  Sec  11.6  illustrates  how  SOAs  are  used  as  wavelength- 
converting  devices  for  deployment  in  optical  networks. 
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1 1.1  BASIC  APPLICATIONS  AND  TYPES 
OF  OPTICAL  AMPLIFIERS 

Optical  amplifiers  have  found  widespread  use  not  only  in  long-distance  point-to- 
point  optical  fiber  links,  but  also  in  mulli-accevi  networks  to  compensate  Tor 
signal-splitting  losses  The  features  of  optical  amplifiers  have  led  to  many  diverse 
applications,  each  huving  different  design  challenges.  The  basic  types  of  optical 
amplifiers  and  their  applications  arc  described  in  this  section. 

II. LI  General  Applications 

Figure  I l-l  shows  general  applications  of  the  following  three  classes  of  optical 
amplifiers: 


Fiber  line* 


net  RK  II  I 

Finn  ptmihlc  application*  of  optical  amplifier*  (01  in-line  amplifier  to  increase  tranomvuon  dittoncc. 
(6)  preamplifier  lo  improve  receiver  *cn*invity.  (cl  booster  of  trancmittod  power,  (</|  Sooner  ol  oyaaJ 
level  in  a local  area  network 
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I.  In-line  optical  amplifiers.  In  a single-mode  link,  the  effects  ol'  fiber  dispersion 
may  be  small  so  that  the  main  limitation  to  repeater  spacing  is  fiber  attenua- 
tion Since  such  a link  does  not  necessarily  require  a complete  regeneration  ol 
the  signal,  simple  amplification  of  the  optical  signal  is  sufficient  Thus,  an 
optical  amplifier  can  be  used  to  compensate  for  transmission  loss  and  increase 
the  distance  between  regenerative  repealers,  as  Fig.  1 1 -Id  illustrates. 

1 Preamplifier  Figure  I l-l/>  shows  an  optical  amplifier  being  used  as  a front- 
end  preamplifier  for  an  optical  receiver  Thereby,  a weak  optical  signal  is 
amplified  before  photodetection  so  that  the  signal-to-noise  ratio  degradation 
caused  by  thermal  noise  in  the  receiver  electronics  can  be  suppressed 
Compared  with  other  front-end  devices  such  as  avalanche  photodiodes  or 
optical  heterodyne  detectors,  an  optical  preamplifier  provides  a larger  gain 
factor  and  a broader  bundwidth 

X Power  amplifier  Power  or  booster  amplifier  applications  include  placing  the 
device  immediately  after  an  optical  transmitter  to  boost  the  transmitted 
power,  as  1 ig  I l-h  shows  This  serves  to  increase  the  transmission  distance 
by  10- 100  km  depending  on  the  amplifier  gain  and  fiber  loss.  As  on  example, 
using  this  boosting  technique  together  with  an  optical  preamplifier  at  the 
receiving  end  can  enable  rcpcaterless  undersea  transmission  distances  of 
200  250  km.  One  can  also  employ  an  optical  amplifier  in  u local  area  network 
as  a booster  amplifier  to  compensate  for  coupler-insertion  loss  and  power- 
splitting  loss.  Figure  I l-l</  shows  an  example  for  boosting  the  optical  signal 
in  front  of  a star  coupler. 


11.1.2  Amplifier  Types 

The  two  main  optical  amplifier  types  can  be  classified  as  semiconductor  optical 
amplifiers  (SOAs)  and  active-fiber  or  doped-fiber  amplifiers  (DFAs)  All  optical 
amplifiers  increase  the  power  level  of  incident  light  through  a stimulated  emission 
process  The  mechanism  to  create  the  population  inversion  that  is  needed  for 
stimulated  emission  to  occur  is  the  same  as  is  used  in  laser  diodes  Although 
the  structure  of  an  optical  amplifier  is  sunilar  to  that  of  a laser,  it  docs  not 
have  the  optical  feedback  mechanism  thut  is  necessary  for  lasing  to  take  place. 
Thus,  an  optical  amplifier  can  boost  incoming  signal  levels,  but  it  cannot  generate 
a coherent  optical  output  by  itself  The  basic  operation  is  shown  in  Fig.  11-2. 
Here,  the  device  absorbs  energy  supplied  from  an  external  source  called  the  pump 
The  pump  supplies  energy  to  electrons  in  an  active  medium,  which  raises  them  to 
higher  energy  levels  to  produce  a population  inversion.  An  incoming  signal 
photon  will  trigger  these  excited  electrons  to  drop  to  lower  levels  through  a 
stimulated  emission  process,  thereby  producing  an  urnplificd  signal 

Alloys  of  semiconductor  elements  from  groups  III  and  V (e  g..  phosphorus, 
gallium,  indium,  and  arsenic)  make  up  the  active  medium  in  SOAs  The  attrac- 
tiveness of  SOAs  is  that  they  work  in  both  the  1300-nm  and  the  I55fi-nm  low- 
attenuation  windows,  they  can  easily  be  integrated  on  the  same  substrate  as  other 
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optical  devices  and  circuits  (e  g.,  couplers,  opiicul  isolators,  and  receiver  circuits), 
and  compared  with  DFAs  they  consume  less  power,  have  fewer  components,  and 
are  more  compact  The  SOAs  have  a more  rapid  gain  response,  which  is  on  the 
order  of  I ps  to  0.1  ns.  This  results  in  both  advantages  and  limitations.  The 
advantage  is  that  SOAs  can  be  implemented  when  both  switching  and  signal 
processing  arc  called  for  in  optical  networks.  The  limitation  is  that  the  rapid 
carrier  response  causes  the  gain  at  a particular  wavelength  to  fluctuate  with  the 
signal  rate  for  bit  rates  up  to  several  Gb/s.  Since  this  affects  the  overall  gain,  the 
signal  gain  at  other  wavelengths  also  fluctuates,  which  gives  rise  to  crosstalk 
effects  when  a broad  spectrum  of  wavelengths  must  be  amplified 

In  DFAs,  the  active  medium  for  operation  in  the  1550-nm  w indow  is  created 
by  lightly  doping  a silica  fiber  core  with  rare-earth  elements  such  as  erbium  (Erl  or 
ytterbium  (Yb).  The  DFAs  for  the  1300-nm  window  arc  achieved  through  doping 
fluoride-based  fibers  (rather  than  silica  fibers)  with  elements  such  as  neodymium 
(Nd)  and  praseodymium  (Pr)  The  important  features  of  DFAs  include  the  ability 
to  pump  the  devices  at  several  different  wavelengths,  low  coupling  loss  to  the 
compatible  fiber  transmission  medium,  und  very  low  dependence  of  gain  on  light 
polarisation  In  addition.  DFAs  arc  highly  transparent  to  signal  format  and  bit 
rate,  since  they  exhibit  slow  gam  dynamics,  with  earner  lifetimes  on  the  order  of 
0 1 10  ms.  The  result  is  that,  in  contrast  to  SOAs.  the  gain  responses  of  DFAs  art 
basically  constant  for  signal  modulations  greater  than  a few  kilohextt. 
Consequently,  they  ure  immune  from  interference  effects  (such  as  crosstalk  and 
intermodulution  distortion)  between  different  optical  channels  within  a broad 
spectrum  of  wavelengths  (c.g.,  in  a 30-nm  spectral  band  ranging  from  1530  to 
1560  nm)  that  arc  injected  simultaneously  into  the  amplifier. 


11.2  SEMICONDUCTOR  OPTICAL 
AMPLIFIERS 

The  two  major  types  of  SOAs  arc  the  resonant.  Fabry-Pcrol  amplifier  (FPA)  and 
the  nonresonant,  traveling-wave  amplifier  (TWA).V*  In  an  FPA.  the  two  cleaved 
facets  of  a semiconductor  crystal  act  as  partially  reflective  end  mirrors  that  forma 
Fabry-Perot  cavity  * 10  The  natural  reflectivity  of  the  facets  is  approximately  32 
percent.  This  is  sometimes  enhanced  by  means  of  a reflective  dielectric  coating 
deposited  on  the  ends  When  an  optical  signal  enters  the  FPA.  it  gets  amplified  as 
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it  reflect  buck  and  forlh  between  the  mirrors  until  it  is  emitted  at  a higher 
intensity.  Although  FPAs  arc  easy  to  fabricate,  the  optical  signal  gain  is  very 
sensitive  to  variations  in  amplifier  temperature  and  input  optical  frequency. 
Thus,  they  require  very  careful  stabilization  of  temperature  and  injection  current. 

The  structure  of  a traveling-wave  amplifier  is  the  same  as  that  of  an  FPA 
except  that  the  end  facets  are  either  antireflection-coated  or  cleaved  at  an  angle,  so 
that  internal  reflection  does  not  take  place.  Thus,  the  input  light  gets  amplified 
only  once  dunng  a single  pass  through  the  TWA  These  devices  have  been  used 
more  widely  than  FPAs  because  they  have  a large  optical  bandwidth,  high  satura- 
tion power,  and  low  polarization  sensitivity.  Since  the  3-dB  bandwidth  of  TWAs 
is  about  three  orders  of  magnitude  greater  than  that  of  FPAs.  TWAs  have  become 
the  SOA  of  choice  for  networking  applications  In  particular.  TWAs  arc  used  as 
amplifiers  in  the  1 300-tun  window  and  as  wavelength  converters  in  the  1550-nm 
tegion  For  most  eases,  recent  literature  on  optica!  fiber  systems  uses  the  term 
"SOA,"  without  qualification,  for  traveling-wave  semiconductor  optical  ampli- 
fiers. In  this  section,  we  will  concentrate  on  TWAs  only. 


1 1.2. 1 External  Pumping 

External  current  injection  is  the  pumping  method  used  to  create  the  population 
inversion  needed  for  having  a gain  mechanism  in  SOAs.  This  is  similar  to 
the  operation  of  laser  diodes.  Thus,  from  tq.  (4-31 1.  the  sum  of  the  injection, 
stimulated -emission,  and  spontaneous-recombination  rates  gives  the  rale 
equation  that  governs  the  earner  density  ntt)  in  the  excited  state  5 


where 


nmn 

4/ 


= K„<0- 


>i(l) 

T, 


lll-l) 


(11-2) 


is  the  external  pumping  rate  from  the  injection  current  density  Jin  into  an  active 
layer  of  thickness  d.  r,  is  the  combined  time  constant  coming  from  spontaneous 
emission  and  carricr-rccombmation  mechanisms,  and 


«rt(r>  = rart(n  - nihlApt,  = ( 1 1-3) 

is  the  net  stimulated  emission  rate  Here.  vt  is  the  group  velocity  of  the  incident 
light.  P is  the  optical  confinement  factor,  u is  a gain  constant  (which  depends  on 
the  optical  frequency  v).  nl(l  is  the  threshold  earner  density,  ,V(,|,  is  the  photon 
density,  and  g is  the  overall  gain  per  unit  length  Given  that  the  active  area  of  the 
optical  amplifier  has  a width  « and  a thickness  </,  then  for  an  optical  signal  of 
power  P,  with  photons  of  energy  hv  and  group  velocity  i-,.  the  photon  density  is 

'V^‘,  = .^AvHw*/) 


(11-4) 
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Example  1 1-1.  Consider  an  InG.iAsP  SOA  with  u = 5 /am  and  J - 0.5 /am  Given 
that  i',  = 2x  10*  tn/s . if  a I.O-/aW  optical  signal  at  1550  nm  enters  the  device,  then 
from  Eq  ( 1 1 -4)  the  photon  density  is 


Anh  = 


I x 10* W 

~ , .(6.626  x 10  MJ  s«3  x 10*  m/»)  ~ 

(2x  10*  m/s)— — — r^rr- (5/rmMO,5/am) 


I 55  * 10  * m 


1.56  x 10,ft  photons,  m' 


In  the  steady  state,  dn{t)/dt  = 0.  so  that  Eq.  (1 1 - 1 ) becomes 

ft,  = ««+-  tll-5) 

Tf 

We  now  substitute  Eq.  ( 1 1-2)  for  Rr.  the  second  equality  in  Eq.  (11-3)  for  /^.and 
the  first  equality  in  Eq  (1 1-3) solved  for/i  into  Eq.  (11-5).  Solving  for#  then  yields 
the  steadV'State  gain  per  unit  length 

J_  _«ih 

Sf( — _ *!! (|  ].£) 

* v,ft#  + l/(r«r,)  1 + Apa/AT,*.,,, 

where 
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is  defined  as  the  saturation  photon  density,  and 

„u, 

is  the  medium  gain  per  unit  length  in  the  absence  of  signal  input  (when  the  photon 
density  is  zero),  which  is  called  the  zero-signal  or  small-signal  gain  per  unit  length 


Example  11-2.  Consider  the  following  parameters  for  a 1300-nm  InGaAsPSOA 


Sxmhol 

Parameter 

Value 

w 

Active  area  width 

3 (im 

d 

Active  area  thickness 

0.3  urn 

L 

Amplifier  length 

500  pm 

r 

Confinement  factor 

03 

X, 

Time  constant 

] na 

a 

Gain  coefficient 

2x  IO-»m: 

"a 

Threshold  density 

1.0  x lO3*™  -’ 

(«►  If  a 100-mA  bias  current  is  applied  to  the  device,  then,  from  Fq  (11-2).  the 
pumping  rate  u 
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^ qd~  qdwL  = (1.6  x 10->*C)(OJiimK3MroK$60Mn)) 

= I 39  x 10”  (electron*,  m')/* 

(/>)  From  Eq,  ( 1 1-8).  the  /ero-vignal  gam  i» 

Ka  =03(20  * 10  1.39  x I0”m  ’ »"'  - ' ° ™ 

\ 1.0  ns 

= 2340  m~ 1 = 23.4  cm  1 


11.2.2  Amplifier  Gain 

One  of  the  most  importunt  parameters  of  an  optical  amplifier  is  the  signal  gain  or 
amplifier  gain  G.  which  is  defined  as 

G = ^ (11-9) 

• Mtt 

where  Ptm  and  P,  „ul  arc  the  input  and  output  powers,  respectively,  of  the  optical 
signal  being  amplified.  As  noted  in  Chap.  4.  the  radiation  intensity  at  a photon 
energy  hv  varies  exponentially  with  the  distance  traversed  in  a lasing  cavity 
Hence,  using  Eq.  (4-23),  the  single-pass  gain  in  the  active  medium  of  the  SOA  is 

G = cxp(r(jf«  - «*)/.]  3 expOrt*)^!  (11-10) 

where  T is  the  optical  confinement  factor  in  the  cavity.  g,»  is  the  material  gam 
coefficient,  a is  the  effective  absorption  coefficient  of  the  material  in  the  optical 
path.  L is  the  amplifier  length,  and  g(r)  is  the  overall  gam  per  unit  length. 

Equation  (11-10)  shows  that  the  gain  increases  with  device  length.  However, 
the  internal  gain  is  limited  by  gain  saturation  11  This  occurs  becuusc  the  carrier 
density  in  the  gain  region  of  the  amplifier  depends  on  the  optical  input  intensity 
As  the  input  signal  level  is  increased,  excited  carriers  (electron  hole  pairs)  are 
depleted  from  the  active  region  When  there  is  a sufficiently  large  optical  input 
power,  further  increases  in  the  input  signal  level  no  longer  yield  an  appreciable 
change  in  the  output  level,  since  there  arc  not  enough  excited  carriers  to  provide 
on  appropriate  level  of  stimulated  emission  We  note  here  that  the  carrier  density 
it  any  point  z in  the  amplifying  cavity  depends  on  the  signal  level  P„[:)  at  that 
point.  In  particular,  near  the  input  where  z is  small,  incremental  portions  of  the 
device  may  not  have  reached  saturation  at  the  same  time  as  the  sections  further 
down  the  device,  where  incremental  portions  may  be  saturated  because  of  higher 
values  of  /Mr). 

An  expression  for  the  gain  G as  a function  of  the  input  power  can  be  derived 
by  examining  the  gain  parameter  gtz)  in  Eq  (1 1-10).  This  parameter  depends  on 
the  earner  density  and  the  signal  wavelength.  Using  Eqs.  (11-4)  und  ( 1 1-6).  we 
have  that  at  a distance  r from  the  input  end,  g(r)  is  given  by 
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*(-*)  = to~  <11-1# 

i+jr^ 

where  go  is  the  unsaturaled  medium  gain  per  unit  length  in  the  absence  of  signal 
input  P,(:)  is  the  internal  signal  power  at  point  and  PnrT ...  is  the  amplifier 
saturation  power,  which  is  defined  as  the  internal  power  level  at  which  the  gain  per 
unit  length  has  been  halved.  Thus,  the  gain  given  by  Eq.  (11-10)  decreases  with 
increasing  signal  power  In  particular,  the  gam  coefficient  in  Eq  (11-11)  » 
reduced  by  a factor  of  2 when  the  internal  signal  power  is  equal  to  the  amplifier 
saturation  power 

Given  that  g(r)  is  the  gain  per  unit  length,  in  an  incremental  length  ilz  the 
light  power  increases  by 

dP  = g(z)Pfi:)dz  (11*12) 

Substituting  Eq.  ( 1 1-11)  into  Eq  ( 1 1-12)  and  rearranging  terms  gives 

Integrating  this  equation  from  r = 0 to  2 = 1.  yields 

Defining  the  single-pass  gam  in  the  absence  of  light  to  be  C«  = cxp(g0/.),  and 
using  Eq.  (1 1-9).  we  then  have 

C=,+^fln(t)  °M5) 

Figure  1 1-3  illustrates  the  dependence  of  the  gam  on  the  input  power.  Here, 
the  zero-signal  gain  (or  small-signal  gam)  is  G0  = 30  dB,  which  is  a gam  factor  of 
1000  The  curve  shows  that  as  the  input  signal  power  is  increased,  the  gain  first 
stays  near  the  small-signal  level  and  then  starts  to  decrease  After  decreasing 
Jmcurly  in  the  gam  saturation  region,  it  finally  approaches  an  asymptotic  value 
of  0 dB  (a  unity  gam)  for  high  input  powers  Also  shown  is  the  output  saturation 
power,  which  is  the  point  at  which  the  gam  is  reduced  by  3 dB  (see  Proh.  1 1-4), 


11.3  FRBIl  M-DOPED  FIBER  AMPLIFIERS 

The  active  medium  in  an  optical  fiber  amplifier  consists  of  a nominally  10-  to 
30-m  length  of  optical  fiber  that  has  been  lightly  doped  (e.g  . 1000  parts  per 
million  weight)  with  a rare-earth  element,  such  as  erbium  (Er).  ytterbium  ( Yb). 
neodymium  (Nd).  or  praseodymium  (Pr).  The  host  liber  material  can  he  either 
standard  silica,  a lluonde-based  glass,  or  a multicomponent  glass 

The  operating  regions  of  these  devices  depend  on  the  host  material  and  the 
doping  elements.  Fluorozirconatc  glasses  doped  with  Pr  or  Nd  are  used  for  opera- 
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FIGURE  114 

TvjmcjI  dependent*  ul  iIh-  tingle- past  gum  no  optical  input  power  for  a <mull-signal  wain  of  t»'<,  - 30 
dll  U gam  of  1 1*  Hi) 


non  in  ihc  1300-nm  window,  since  neither  or  these  ions  can  amplify  1300-nm 
signals  when  embedded  in  silica  glass.11*14  The  most  popular  material  for  long- 
haul  telecommunication  applications  is  u silica  fiber  doped  with  erbium,  which  is 
known  as  an  erhium-JopeJ  fiber  amplifier  or  EDFA.,VXI  In  some  eases.  Yb  is 
added  to  increase  the  pumping  efficiency  and  the  amplifier  gain.21  The  operation 
of  an  EDFA  by  itself  normally  is  limited  to  the  1530-to-1560-nm  region 
However,  when  combined  with  a Raman  liber  amplifier  that  boosts  the  gam  at 
higher  wuvclcngths.  a 3-dB  gain  bandwidth  of  75  tun  has  been  achieved  over  the 
1531-to-16 1 b-nm  region."  For  simplicity  of  discussion  in  this  section,  we  will  use 
the  designation  **  1 550-run  signals"  to  refer  to  any  particular  optical  channel  in 
this  spectral  band. 


10.1  Amplification  Mechanism 

Whereas  semiconductor  optical  amplifiers  u.se  external  current  injection  to  excite 
electrons  to  higher  energy  levels,  optical  fiber  amplifiers  use  optical  pumping  In 
this  process,  one  uses  photons  to  directly  raise  electrons  into  excited  states.  The 
optical  pumping  process  requires  the  use  of  three  energy  levels.  Ihc  top  energy 
level  to  which  the  electron  is  elevated  must  lie  energetically  above  the  desired 
lasing  level  After  reaching  its  excited  state,  the  electron  must  release  some  of 
its  energy  and  drop  to  the  desired  lasing  level  From  this  level,  a signal  photon 
can  then  logger  it  into  stimulated  emission,  whereby  it  releases  its  remaining 
energy  in  the  form  of  a new  photon  with  a wavelength  identical  to  that  of  the 
signal  photon.  Since  the  pump  photon  must  have  a higher  energy  than  the  signal 
photon,  the  pump  wavelength  is  shorter  than  the  signal  wavelength 
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To  get  u phenomenological  understanding  of  how  un  EDFA  works,  we  need 
to  look  at  the  energy-level  structure  of  erbium.15-16  The  erbium  atoms  in  silica  are 
actual  ErH  ions,  which  are  erbium  atoms  that  have  lost  three  of  their  outer 
electrons.  In  describing  the  transitions  of  the  outer  electrons  in  these  ions  to 
higher  energy  states,  it  is  common  to  refer  to  the  process  as  "raising  the  ions  to 
higher  energy  levels.”  Figure  1 1 4 shows  a simplified  energy-level  diagram  and 
various  energy-level  transition  processes  of  these  Erw  ions  in  silica  glass  The  two 
principal  levels  for  telecommunication  applications  are  a met  as  table  level  (the  so- 
called  4 1 level)  and  the  4/n/;  pump  level.  The  term  "mctnstablc”  means  that  the 
lifetimes  for  transitions  from  this  state  to  the  ground  state  are  very  long  compared 
with  the  lifetimes  of  the  states  that  led  to  this  level.  (Note  that,  by  convention,  the 
possible  stutes  of  a mullielcctron  atom  are  referred  to  by  the  symbol  ls*'Lj.  where 
2S  + I is  the  spin  multiplicity.  L is  the  orbital  angular  momentum,  and  J is  the 
total  angular  momentum  ] The  mctastable.  the  pump,  and  the  ground-state  levels 
arc  actually  bands  of  closely  spaced  energy  levels  that  form  a manifold  due  to  the 
effect  known  as  Stark  splitting,  furthermore,  each  Stark  level  is  broadened  by 
thermal  effects  into  an  almost  continuous  band. 

The  mctastable  band  is  separated  from  the  bottom  of  the  4/|j/2  ground-state 
level  by  un  energy  gap  ranging  from  about  0.814  eV  at  the  bottom  of  the  mcta- 
stable band  (corresponding  to  a 1527-nm  photon)  to  0.841  eV  at  the  top  (corre- 
sponding to  a 1477-nm  photon)  The  energy  band  for  the  pump  level  exists  at  a 
I.27-eV  separation  (corresponding  to  a 980-nm  wavelength)  from  the  ground 
state.  The  pump  band  is  fairly  narrow,  so  that  the  pump  wavelength  must  be 
exact  to  within  a few  nanometers.  The  gap  between  the  top  of  the  4/|j/2  level  and 
the  bottom  of  the  mctastublc  band  is  around  0.775  eV  (1600  nm>. 


FIGURE  I M 

Simplified  energy-level  diagram*  and  various  transition  processes  of  ion*  in  silica 
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In  normal  operation,  a pump  laser  emitting  980-nm  photons  is  used  to  excite 
ions  from  the  ground  state  to  the  pump  level,  as  shown  hv  transition  process  I in 
Fig  1 1-4  These  excited  ions  decay  (relax!  very  quickly  (in  about  I //s)  from  the 
pump  band  to  the  mctastublc  band,  shown  as  transition  process  2.  During  this 
decay,  the  excess  energy  is  released  as  phonons  or.  equivalently,  mechanical  vibra- 
tions in  the  fiber  Within  the  metastublc  band,  the  electrons  of  the  excited  ions 
tend  to  populate  the  lower  end  of  the  band  Here,  they  are  characterized  hy  a very 
long  fluorescence  time  of  about  It)  ms 

Another  possible  pump  wavelength  is  WHO  nm  The  energy  of  these  pump 
photons  is  very  similar  to  the  signal-photon  energy,  but  slightly  higher  The 
absorption  of  a 1480-nm  pump  photon  excites  an  electron  from  the  ground 
state  directly  to  the  lightly  populated  top  of  the  mctastublc  level,  as  indicated 
by  transition  process  3 in  Fig.  11-4  These  electrons  then  tend  to  move  down  to 
the  more  populated  lower  end  of  the  riictastable  level  (transition  4|  Some  of  (he 
ions  sitting  at  the  nietastablc  level  can  decay  back  to  the  ground  state  in  the 
absence  of  an  externally  stimulating  photon  flux,  as  shown  by  transition  process 
5.  This  decay  phenomenon  is  known  as  spontaneous  emission  and  adds  to  the 
amplifier  noise. 

Two  more  types  of  transitions  occur  when  a flux  o(  signal  photons  that  have 
energies  corresponding  to  the  band-gap  energy  between  the  ground  state  and  the 
metustnblc  level  passes  through  the  device.  First,  a small  portion  of  the  external 
photons  will  be  absorbed  by  tons  in  the  ground  state,  which  raises  these  ions  to  the 
mctastable  level,  as  shown  by  transition  process  6 Second,  in  the  stimulated 
emission  process  (transition  process  7)  a signal  photon  triggers  an  excited  ion 
to  drop  to  the  ground  state,  thereby  emitting  j new  photon  of  the  same  energy, 
wavevector.  and  polarization  us  the  incoming  signal  photon  The  widths  of  the 
metastublc  and  ground-state  levels  allow  high  levels  of  stimulated  emissions  to 
occur  in  the  1530-to-l  560-nm  range  Beyond  1560  nm.  the  gain  decreases  steadily 
until  it  reaches  0 dB  (unity  guint  at  around  1616  nm. 

11.3.2  EDFA  Architecture 

An  opticul  liber  amplifier  consists  of  a doped  fiber,  one  or  more  pump  lasers,  a 
passive  wavelength  coupler,  optical  isolators,  and  tap  couplers,  as  shown  in  Fig 
11-5  The  dichroic  (two-wavelength  > coupler  handles  either  980/1550-nm  or  1480 
1550-nm  wavelength  combinations  to  couple  both  the  pump  and  signal  optical 
powers  efficiently  into  the  liber  amplifier.  The  tap  couplers  arc  wavelength-insen- 
sitive with  typical  splitting  ratios  ranging  from  99;  1 to  95:5.  They  arc  generally 
used  on  both  sides  of  the  amplifier  to  compare  the  incoming  signal  with  the 
amplified  output  The  optical  isolators  prevent  the  amplified  signal  from  reflect- 
ing back  into  the  device,  where  it  could  increase  the  amplifier  noise  and  decrease 
its  efficiency 

The  pump  light  is  usually  injected  from  the  same  direction  as  the  signal  flow 
This  is  known  as  codireenonal  pumping  li  is  also  possible  to  inject  the  pump 
power  in  the  opposite  direction  to  the  signal  flow  which  is  known  as  counter- 
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Ol  Optical  uolator 
WSC  Wavdcngth-selcdivc  coupler 

FIGURE  ll-5 

Three  (xmitile  configur •trails  of  an  EDP  A (ol  codirectinnul  pumping,  (6)  counterdircctional  pumping, 
(cl  dual  pumping. 

directional  pumping.  As  shown  in  Fig.  1 1-5.  one  can  employ  either  a single  pump 
source  or  use  dual-pump  .schemes,  with  the  resultant  gains  typically  being  + 17  dB 
and  +35  dB,  respectively.  Countcrdircctional  pumping  allows  higher  gains,  but 
codirectional  pumping  gives  better  noise  performance.  In  addition,  pumping  at 
980  nm  is  preferred,  since  it  produces  less  noise  and  achieves  larger  population 
inversions  than  pumping  at  1480  nm 


11.3.3  EDFA  Power-Conversion  Efficiency  and 
Gain 

As  is  the  case  with  any  amplifier,  as  the  magnitude  of  the  output  signal  from  an 
EDFA  increases,  the  amplifier  gain  eventually  sturts  to  saturate.  The  reduction  of 
gain  in  an  EDFA  occurs  when  the  population  inversion  is  reduced  significantly  by 
u large  signal,  thereby  yielding  the  typical  gain-versus-power  performance  curve 
shown  in  Fig.  11-3. 

The  input  and  output  powers  of  an  EDFA  can  be  expressed  in  terms  of  the 
principle  of  energy  conservation:14 

P i.uui  £ P I. m + “ P p.tn 


(11-16) 
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where  PPM  is  the  input  pump  power,  and  kp  and  k,  arc  the  pump  and  signal 
wavelengths,  respectively.  The  fundamental  physical  principle  here  is  that  the 
amount  of  signal  energy  that  can  be  extracted  from  an  EDFA  cannot  exceed 
the  pump  energy  that  is  stored  in  the  device  The  inequality  in  Eq  (11*16)  reflects 
the  possibility  of  effects  such  as  pump  photons  being  lost  due  to  various  causes 
(such  as  interactions  with  impurities)  or  pump  energy  lost  due  to  spontaneous 
emission. 

From  Eq.  (1 1-16),  we  see  that  the  maximum  output  signal  power  depends  on 
the  ratio  kp/k,.  For  the  pumping  scheme  to  work,  we  need  to  have  kp  < k„  and, 
to  have  an  appropriate  gam.  it  is  necessary  that  PSM  PpM.  Thus,  the  power 
conversion  efficiency  fPCE),  defined  as 

PCH  = />,  M?  * ^ < 1 (11*17) 

P pm  P p.m 

is  less  than  unity.  The  maximum  theoretical  value  of  the  PCF  is  kp/k,.  For 
absolute  reference  purposes,  it  is  helpful  to  use  the  quantum  conversion  efficiency 
(QCE).  which  is  wavelength-independent  and  is  defined  by14 

QCE  = ^ PCE  (11-18) 

The  maximum  value  of  QCE  is  unity,  in  which  case  all  the  pump  photons  arc 
converted  to  signal  photons. 

We  can  also  rewrite  Eq.  (1 1-16)  in  terms  of  the  amplifier  gam  G Assuming 
there  is  no  spontaneous  emission,  then 

G = ^“<l+^§"5  (11-19) 

P Lin  k,  P (.in 

This  shows  an  important  relationship  between  signal  input  power  and  gain  When 
the  input  signal  power  is  very  large  so  that  P,  » ikp/k,)Ppm.  then  the  maximum 
amplifier  gain  is  unity.  This  means  that  the  device  is  transparent  to  the  signal. 
From  Eq.  (1 1-19),  we  also  sec  that  in  order  to  achieve  a specific  maximum  gain  G. 
the  input  signal  power  cannot  exceed  a value  given  by 

P,.  < (11*20) 


Example  1 1-3.  Consider  an  EDFA  being  pumped  at  980  ntn  with  a 30-rnW  putnp 
power.  If  the  gain  m 1550  nm  is  20  dB.  then,  from  Eq.  (1 1-20),  the  maximum  input 
power  is 


(980/l$50M30mW)  m w 
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From  Fq  (11-16),  lire  maximum  output  power  is 

fYumOnax)  = /\„(maxj  + ^ P,  „ = 190 /iW  + 0 63(30  mWi 
= |9.l  mW  = 12  RilBm 

In  addition  to  pump  power,  the  gain  ulso  depends  on  the  fiber  length.  The 
maximum  gain  in  a three-level  laser  medium  of  length  /.,  such  as  an  EDFA  is 
given  by 

G„„t  = exp(po,f.)  (1 1*21) 

where  a,  ts  the  signal-emission  cross  section  and  p is  the  rare-eurth  element  con- 
centration. When  determining  the  maximum  gam.  Eqs  ( 1 1-19)  and  (11-21)  mutt 
be  considered  together  Consequently,  the  maximum  possible  EDFA  gam  is  given 
by  the  lowest  of  the  two  gam  expressions 

<7  < min|exp(/vr,/„),  I (11-22)  ‘ 

Since  li  = ~ exp(/wrZ.),  it  follows  similarly  that  the  maximum  posable 

EDFA  output  power  is  given  by  the  minimum  of  the  two  expressions: 

/Vo*  5 min  | P,m  e\piparL).  P,M  + ^ P„M  J ( 1 1-23) 

Figure  1 1 -6  illustrates  the  onset  of  gam  saturation  lor  various  doped-fiber 
lengths  as  the  pumping  power  increases  As  the  fiber  length  increases  for  low 
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Caitulniton  of  Ihc  dependence  of  F.DFA  gain  on  fiber  length  4 ml  pump  power  lot  * 1480-nm  jua 
and  u 1550-ttm  m jni.il  (Reproduced  with  permission  from  Orlei  and  Devurvire.5’  i»  IWI.  lEELi 
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FIGt  W 11-7 

Gam  hetuvtor  of  an  Eli  FA  a » function  of  output  signal  power  for  v.inoun  pump  level*  ( ReprtxloceU 
with  per  mutton  from  Li.**  I 1993.  IEEE  ) 

pumping  powers,  the  gain  starts  to  decrease  after  a certain  length  because  the 
putnp  docs  not  have  enough  energy  to  create  a complete  population  inversion  in 
the  downward  portion  of  the  amplifier  In  this  case,  the  unpumped  region  of  the 
fiber  absorbs  the  signal,  thus  resulting  in  signal  loss  rather  than  gam  in  that 
section 

Since  the  metastable  level  in  an  EDFA  has  a relatively  long  lifetime,  it  is 
possible  to  obtain  very  high  saturated  output  powers  The  saturated  output  power 
(the  power  at  which  gain  saturation  occurs)  is  defined  as  the  3-dB  compression 
point  of  the  small-signal  gain  ;4  For  large  signal  operation,  the  saturated  gam 
increases  linearly  with  pump  power,  as  can  be  inferred  from  Fig.  1 1-7  This  figure 
shows  that  as  the  input  power  increases  for  a given  pump  level,  the  amplifier  gain 
remains  constant  until  saturation  occurs 

■■  Example  1 1-4.  From  Fig  11-6  wc  sec  thal  for  l-WO-nm  pumping,  u 35-dB  gain  can 
be  achieved  with  a pump  power  of  5 raW  for  an  amplifier  length  of  30  m 


11.4  AMPLIFIER  NOISE 

The  dominant  noise  generated  in  an  optical  amplifier  is  amplified  spontaneous 
emission  (ASE)  The  origin  of  this  is  the  spontaneous  recombination  of  electrons 
»nd  holes  in  the  amplifier  medium  (transition  5 in  Fig  1 1-4)  This  recombination 
gives  rise  to  a broad  spectral  background  of  photons  that  get  amplified  along  with 
the  optical  signal.  This  effect  is  shown  in  Fig.  1 1-8  for  an  EDFA  amplifying  a 
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FIGURE  11-8 

Representative  1 480- run  pump  spectrum  ami  a typical  output  signal  *1  1540  nm  with  the  associated 
amplified- spontaneous-emission  lASEl  none 


signal  at  1 540  nm  The  spontaneous  noise  can  be  modeled  as  a stream  of  random 
infinitely  short  pulses  that  are  distributed  all  along  the  amplifying  medium.  Such  it 
random  process  is  characterized  by  a noise  power  spectrum  that  is  Hat  with 
frequency.  The  power  spectral  density  of  the  ASE  noise  is7 

SaseI/)  = Ai'rt,p(G’(/)  - I]  = P ase / A I’opi  ( 1 1-24) 

where  P\sr  »s  the  ASE  noise  power  in  an  optical  bandwidth  Avopt  and  n,p  is  the 
spontaneous-emission  or  population- inversion  factor  is  defined  as 

nv  = —^—  (11-25) 

Z*2  — ZI| 

where  n\  and  n:  are  the  fractional  densities  or  populations  of  electrons  in  states  I 
und  2.  respectively.  Thus.  «,p  denotes  how  complete  the  population  inversion  is 
between  two  energy  levels.  From  Eq.  ( 11-25)  n,p  > 1.  with  equality  holding  for  an 
ideal  amplifier  when  the  population  inversion  is  complete  Typical  values  range 
from  1 .4  to  4.  depending  on  the  wavelength  und  the  pumping  rate 

rhe  ASE  noise  level  depends  on  whether  codirectional  or  counterdirectional 
pumping  is  used  Figure  11-9  shows  experimental  and  calculated  data  on  ASE 
noise  versus  pump  power  for  different  EDFA  lengths.1" 

Since  ASE  origmutes  ahead  of  the  photodiode,  it  gives  rise  to  three  different 
noise  components  in  an  optical  receiver  in  addition  to  the  normal  thermal  noise  of 
the  photodetector.  This  occurs  because  the  photocurrcnt  consists  of  a number  of 
beat  signals  between  the  signal  and  the  optical  noise  fields,  in  uddition  to  the 
squares  of  the  signal  field  and  the  spontaneous-emission  field.  If  the  total  optical 
field  is  the  sum  of  the  signal  field  E,  and  the  spontaneous-emission  field  £„.  then 
the  total  photodclcclor  current  iM  is  proportional  to  the  square  of  the  clectnc 
field  of  the  optical  signal.  a (£,  + E„Y  = E)  + £*  + 2 E,  £„.  Here  the  first 
two  terms  arise  purely  from  the  signal  and  noise,  respectively  T'he  third  term  is  a 
mixing  component  (a  heal  signal)  between  the  signal  and  noise,  which  can  fall 
within  the  bandwidth  of  the  receiver  and  degrade  the  signal- to-noine  ratio  First. 
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Lipcnrornul  aim!  theoretical  ASE  none  power*  vcrtin  input  pump  power  for  vunout  EOFA  length* 
anung  from  la)  codirectional  (forward)  pumping  and  (A)  counterdinechon.nl  (backward)  pumping 
(Reproduced  with  permiwion  from  l*cderien  ei  id  <Q  1‘WO.  IEEE  I 


taking  the  ASF  photons  into  account,  the  optical  power  incident  on  the  photo- 
detcctor  becomes  P<>  = G/\,m  + SaseAi'oj*.  Note  that  Avl)p(  can  be  reduced 
significantly  if  an  optical  filter  precedes  the  photodetcctor.  Substituting  this 
expression  for  Pn  into  Eq  (6-6)  then  yields  the  total  mean-square  shot-noise 
current 

{&*>  = = "uioi-s  + <wi-asi  - P,.mB  + 2v^S’asl  A I'o^i 8 (1 1-26) 

where  B is  the  front-end  receiver  electrical  bandwidth. 

The  other  two  noises  arise  from  the  mixing  of  the  different  optical  frequen- 
cies contained  in  the  light  signal  and  the  ASF.  which  generates  two  sets  of  beat 
frequencies  Since  the  signal  and  the  ASF  have  different  optical  frequencies,  the 
beat  noise  of  the  signal  with  the  ASF  is 

<ase  = M*GP,MSmB)  ( 1 1-27) 

In  addition,  since  the  ASE  spans  a wide  optical  frequency  range,  it  can  beat 
against  itself  giving  rise  to  the  noise  current  (see  Sec  9.3.1) 

«ASE-ASE  = 2Avop,  - B)B  (1 1-28) 

The  total  mean-square  receiver  noise  current  then  becomes 

= ^oUl  =aT  + <01-.  + <ol-ASE  + ^r-ASl'  + ^ASt-AM  * * * 

where  the  thermal  noise  variance  a\  is  given  by  Eq.  (6-17). 
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The  lust  four  terms  in  Eq,  1 1 1-29)  tend  to  he  of  similar  magnitudes  when  the 
optical  bandwidth  Ai'„r,  is  taken  to  he  the  optical  bandwidth  of  the  spontaneous 
emission  noise,  which  covers  a 30-nm  spectrum  (see  Prob  11-7).  However,  one 
generally  uses  a narrow  optical  filter  at  the  receiver,  so  that  A»<„p,  is  on  the  order 
of  125  GHz  tu  l-nm  spectral  width  at  1550  nm)  or  less.  In  that  ease,  we  can 
simplify  Eq  (1 1-29)  bv  examining  the  magnitudes  of  the  various  noise  compo- 
nents Eirst.  the  thermal  noise  can  generally  be  neglected  when  the  amplifier  gain 
is  large  enough  Furthermore,  since  the  amplified  signal  power  GP.  is  much 
larger  than  the  ASF  noise  power  .V.vsi  A i'op, . the  ASB-ASE  beat  noise  given  by 
Eq  1 1 1-2S)  is  significantly  smaller  than  the  signal  ASE  heat  noise  This  obser- 
vation reduces  Eq  ( I l-2h)  to 

<4,,  =*  lq.*GP,MB  (11-30) 


I sing  these  results  together  with  the  expression  for  from  Eq  ( 1 1-24)  yields 
the  following  approximate  signal-to-noise  ratio  (S/S)  at  the  photodelector  out- 
put. 


/£\  = ^ ^ G 

^ 4*1  " 2**  I + 2r;«.j,(fj  — I) 


(11-31) 


where  ;;  is  the  quantum  efficiency  of  the  photodetcctor  and.  from  Eq.  (6-11).  the 
meun-squarc  input  photocurrent  is 


4)  = 4=*-o->;,n 


(11-32) 


Note  that  the  tenn 


/S\  _ 


(1 1-33) 


in  Eq  ( 1 1-3) ) is  the  signal-to-noise  ratio  of  an  ideal  photodetcctor  at  the  input  to 
the  optical  amplifier.  From  Eq  (11-31)  we  can  then  find  the  noise  figure  of  the 
optical  amplifier,  which  is  a measure  of  the  S/S  degradation  experienced  by  a 
signal  after  passing  through  the  amplifier.  Using  the  standard  definition  of  nobe 
figure  as  the  ratio  between  the  S/S'  at  the  input  and  the  S/S  at  the  amplifier 
output,  we  have 


Noise  figure  = 


(S/N\„, 


I + 2 rinv(C  - I ) 


(11-34) 


When  G is  large,  this  becomes  2r|w,P  A perfect  amplifier  would  have  = I, 
yielding  a noise  figure  of  2 (or  3 dB).  assuming  >)  = I That  is.  using  an  ideal 
receiver  with  a perfect  amplifier  would  degrade  the  S/S'  by  a factor  of  2.  In  a real 
F.DFA.  for  example.  /i.r  is  around  2.  so  the  input  S/S  gets  reduced  by  a factor  of 
about  4. 


Example  1 1-5.  Figure  11-10  shows  measured  values  of  the  noise  figure  fot  an  EDFA 
under  gain  saturation  for  both  ciHhrcclional  and  counlerdirectimud  pumping  The 
pump  wavelength  was  I4K0  nm  and  the  signal  wavelength  was  1558  nm  with  an  inpul 
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Inpul  power  (dBm  I 


net  ut  ii  io 

Manured  I OF  A none  figure  under  giun  wlurnuon  for  coduectumal  pumping  and  lountrrUucvtioaul 
pumping  ai  USO  nm  The  gam  was  timilat  for  both  pump  directions.  (Reproduced  with  permission 
from  Walker  el  al..n  fj  W91,  IEEE  I 

power  to  the  amplifier  of  ~6<)  dBm.  Under  small-signal  conditions,  the  codirectionui 
pumping  noise  was  about  5.5  dB.  which  included  a 1 ,5-dB  input  coupling  loss.  The 
noise  figure  of  the  optical  amplifier  itself  was  thus  4 dB.  compurvd  with  the  theoret- 
ical minimum  of  3 dB  with  complete  population  inversion  The  noise  figure  in  the 
countcrdircctional  pumping  case  was  about  I dB  higher 


11.5  SYSTEM  APPLICATIONS 

In  designing  an  optical  fiber  link  that  requires  optical  amplifiers,  there  arc  three 
possible  locations  where  the  amplifiers  can  be  placed,  as  shown  in  Fig  11-1. 
Although  the  physical  amplification  process  is  the  same  in  all  three  configura- 
tions, the  various  uses  require  operation  of  the  device  over  different  input  power 
ranges  This,  in  turn,  implies  use  of  different  amplifier  gains.  The  complete  ana- 
lysis of  the  signal-to-noisc  ratios,  taking  into  account  factors  such  as  detailed 
photon  statistics,  and  discrete  amplifier  configurations,  are  fairly  involved. 
Desurvire16  gives  an  extensive  treatment  for  readers  who  need  more  detail 
Here,  we  will  look  at  simple  conceptual  analysis  and  present  generic  operational 
values  for  the  three  possible  locations  of  EDFAs  in  an  optical  link. 

11.5.1  Power  Amplifiers 

For  the  power  amplifier,  the  input  power  is  high,  since  the  device  immediately 
follows  an  optical  transmitter.  High  pump  powers  are  normally  required  for  this 
application.2”  The  amplifier  inputs  arc  generally  -8  dBm  or  greater,  and  the 
power  amplifier  gain  must  be  greater  than  5 dB  in  order  for  it  to  be  more  advan- 
tageous than  using  a preamplifier  at  the  receiver 
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Example  1 1-6.  Comudci  .in  KDFA  which  i*  used  us  a power  amplifier  wuh  a 10-dB 
pain  Assume  the  amplifier  input  is  a O-dBm  level  from  a laser  diode  transmitter  If 
the  pump  wavelength  u 9H0  nm.  then  from  Eq.  < 1 1-16),  for  ii  10-dHm  output  4l  I MU 
nm.  the  pump  power  must  he  at  least 

i |S40 

r„.m  > - /Yu,)  = 9HO-(IOmW  I mW>  - 14  mW 


11.5.2  In-Line  Amplifiers 

In  a long  transmission  system,  optical  amplifiers  are  needed  to  periodically  restore 
tile  power  level  after  it  has  decreased  due  to  attenuation  in  the  fiber  Normally, 
the  gain  of  each  FDFA  in  this  amplifier  chain  is  chosen  to  compensate  exactly  for 
the  signal  loss  incurred  in  the  preceding  liber  section  of  length  /.,  that  is, 
O'  = expt  VuL)  The  accumulated  ASF  noise  is  Ihe  dominant  degradation  factor 
in  such  a cascaded  chain  of  amplifiers 

=■  Example  1 1-7.  Consider  Fig.  I l-l  I . which  shows  the  values  of  Ihe  per -channel  \ipnl 
power,  the  per-chunncl  ASt  noise,  and  ihe  SNR  along  a chain  of  seven  optical 
amplifiers  in  a WDM  link  t he  Input  signal  level  starts  out  at  ft  dBm  and  decays 
due  to  fiber  attenuation  as  it  travels  along  the  link  When  ils  power  level  has  dropped 
to  -24  dBm,  it  gets  boosted  back  to  (>  dBm  by  an  optical  amplifier  For  a pvtn 
channel  transmitted  over  the  link  the  SNR  starts  out  at  a high  level  ami  then 
decreases  at  each  umplificr  os  the  ASL  noise  accumulates  through  the  length  of  the 
link  For  example,  following  amplifier  number  I.  the  SNR  is  2X  dli  for  a twlltm 


Pittance  along  the  fiber 


| 

fit 


3 


Ht.l  Ml  ll-ll 

SN  K degtadauon  as  a I miction  of  link  distance  over  which  the  ASL  noise  increases  with  the  number  of 
amplifiers  The  curves  chow  Ihe  signal  level  Ixolid  Irncsl,  ihe  ASE  none  level  (dashed  lines l.  and  the 
SNR  (dolled  lincsl  for  » single  channel  In  a WDM  link 


1 1 § IYITT M AITMCA IION*  443 


amplified  signal  level  and  a -22-dBrn  ASE  noise  level.  ARci  amplifier  number  4.  the 
SNR  is  22  dB  lor  u 6-dBm  amplified  signal  level  and  a - 1 6-dBm  ASE  noise  level  The 
higher  the  gain  rn  the  amplifier,  the  faster  the  ASE  nm*c  builds  up  However, 
although  the  SNR  decreases  quickly  in  (tie  first  lew  amplifications,  the  incremental 
effect  of  uddutg  another  F.DEA  diminishes  rapidly  with  .in  Increasing  number  of 
amplifiers  As  a consequence,  although  the  SNR  drops  by  3 dB  when  the  number 
of  EDI- As  increases  from  one  to  two,  it  also  drops  by  3 dB  when  ihc  number  of 
amplifiers  is  increased  from  iwo  to  four,  and  bv  another  3 dB  when  the  number  of 
amplifiers  is  further  increased  to  eight 

To  compensate  for  the  accumulated  ASE  noise,  the  signal  power  must 
increase  at  least  linearly  with  the  length  of  the  link  in  order  to  keep  a constant 
signal- to-noisc  ratio.  If  ihc  total  system  length  is  Lu»  = A7.  and  the  system  con- 
tains A optical  amplifiers  each  having  a gain  G = expf  -fa/.),  then,  using  F.q, 
(11-24).  the  path-averaged  ASE  power  along  a chain  of  optical  amplifiers  islr> 

(f*\SE  )(wiii  = N //1--  | expf  -far)  d:  = aU*  hv  n,,,fp1,ii,(6)Av,v,  ( 1 1 -35) 

where  a is  the  fiber  attenuation  and  O')  is  a penalty  factor  defined  us 

^.h(0  = ^(^)  l !!-«’) 

Basically.  F(„„h((7)  gives  the  factor  by  which  ihc  path-average  signal  energy 
must  he  increased  (as  G increases!  in  a chain  of  S cascaded  optical  amplifiers  to 
maintain  a fixed  S/S  These  optical  amplifiers  should  be  placed  uniformly  along 
the  transmission  path  to  yield  the  hot  combination  of  overall  gain  and  final  S/S 
The  input  power  levels  for  these  in-line  amplifiers  nominally  ranges  from  -26 
dBm  (2.5/iW|  to  -9  dBm  (125 gW).  with  gains  generally  greater  than  15  dB. 


Example  1 1-41.  Consider  un  optical  transmission  path  containing  S cascaded  optical 
amplifiers,  euch  having  a 30-dB  gain  If  the  fiber  lias  u loss  of  0.2  dB  km.  then  the 
»pan  between  optical  amplifiers  i»  150  km  if  there  are  no  other  system  impairments 
As  an  example,  for  a 900-krn  link  we  would  need  live  amplifiers,  From  liq  (11-36), 
the  noise  penalty  factor  over  the  total  path  is  (in  decibels) 

] - >0k,g20.9=,  mas 

If  we  reduce  the  gain  to  20  dB.  then  the  impairment-free  transmission  distance  is 
100  km  for  which  we  need  eight  amplifiers  In  this  case,  the  noisc-penatty  factor  is 


lOlogFpwhfG)  = 10  log 


10  log  4.62  = 6.6dB 


1 1 .5.3  Preamplifiers 

An  optical  amplifier  can  he  used  as  a preamplifier  lo  improve  the  sensitivity  of 
direct -detection  receivers  that  are  limited  by  thermal  noise  -*  First,  assume  the 
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receiver  noise  is  represented  by  the  electrical  power  level  S Let  be  the 
minimum  value  of  the  electrical  signal  power  .S'  that  is  required  for  the  receiver 
to  perform  with  a specific  acceptable  bit-error  rale  The  acceptable  stgnal-to-noisc 
ratio  then  is  S,mn/N  If  we  now  use  an  optical  preamplifier  with  gam  G,  the 
electrical  received  signal  power  is  G:S'  and  the  signal-to-nouc  ratio  is 


fS\  G2S‘ 


(11-37) 


where  the  noise  term  .V'  is  the  spontaneous  emission  from  the  optical  preamplifier 
that  gels  converted  by  the  photodiode  in  the  receiver  to  un  additional  background 
noise  If  ts  the  new  minimum  detectable  electrical  signal  level  needed  to 
maintain  the  same  signal-to-noise  ratio,  then  we  need  to  have 


(rSmn  Smm 
N + N'  N 


< 1 1-38) 


For  an  optical  preamplifier  to  enhance  the  received  signal  level,  wc  must 
have  Snun  < .Vmtn,  so  that 


Smut 

S' 


= G: 


N 


N + N’ 


> I 


(11-39) 


This  ratio  of  to  Simn  represents  the  improvement  of  minimum  detectable  ugmit 
or  detector  sensitivity. 


I x jiii pic  1 1-9.  Consider  tin  EDI- A used  as  an  optical  preamplifier  Assume  that  N n 
due  lo  thermal  noise  and  that  the  noise  S'  introduces!  by  the  preamplifier  is  domi 
anted  by  signal  ASF  heal  noise  Wc  wunt  to  see  under  what  conditions  fcq  1 1 1-39) 
holds  For  sufficiently  high  gam  (i.  Eq  (11-39)  becomes 

G2  -I  * G2  > ^ 

.V  try 

Substituting  Eqs  (6-17)  and  (11-27)  into  this  expression,  using  Eq.  (11-241  for  .Vast. 
and  solving  for  P,„  yields 


k,r  he 

fin.prri/2 


If  7 = UN)  K.  H = >0  0,  k = 1550  nm.  = 2.  and  n = 0.65.  then  P,,„  < 4‘J0„W 
This  level  is  much  higher  than  any  expected  received  signal,  so  the  condition  in  tq 
( 1 1 -39)  is  always  satisfied  However,  note  that  this  only  specifies  the  upper  bound  on 
P, ,»  It  docs  not  mean  that  by  making  <»  sufficiently  high,  the  improvement  to 
sensitivity  can  be  made  arbitrarily  large,  since  there  is  u minimum  received  opltul 
power  level  that  is  needed  to  achieve  a specific  BFR  (see  Prob  11-15), 


11.5.4  Multichannel  Operation 

An  advantage  of  both  semiconductor  optical  amplifiers  and  EDFAs  ls  their  abil- 
ity to  amplify  multiple  optical  channels,  provided  the  bandwidth  of  the  multi- 
channel signal  ls  smaller  than  the  amplifier  bandwidth.1'*  For  both  SO  As  and 
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FDFAs.  this  bandwidth  ranges  from  1 to  5 THz.  A disadvantage  of  SOAs  is  their 
sensitivity  to  intcrchunnel  crosstalk  arising  from  carrier-density  modulation  due 
to  beating  of  signals  from  adjacent  optical  channels. Ml  For  SOAs.  this  beating 
occurs  whenever  the  channel  spacing  is  less  than  10  GHz 

Tins  crosstalk  docs  not  occur  in  EDFA»,  us  long  as  the  channel  spacing  is 
greater  than  10  kHz.  which  holds  in  practice.  Thus.  FDFAs  arc  ideally  suited  for 
multichannel  amplification  For  multichannel  operation  in  an  FDFA,  the  signal 
power  for  /V  channels  is  given  by 

s 

p,=Y.p*'  omo) 

.=i 

where  P, is  the  signal  power  in  channel  i;  that  is,  at  the  optical  carrier  frequency 

Another  characteristic  of  an  EDFA  is  that  its  gam  is  wavelength-dependent 
in  its  normal  operating  window  of  1530  1560  nm  51  If  it  is  not  equalized  over  the 
spectral  range  of  operation  in  a multichannel  system,  this  gain  variation  will 
create  a large  signal-to-noi.se  ratio  differential  among  the  channels  after  passing 
through  a cascade  of  EDFAs  Numerous  techniques,  such  as  the  use  of  gain- 
compcnsating  fiber  gratings,  have  been  tried  for  this  equalization. In  addi- 
tion. when  combined  with  a Raman  fiber  amplifier  that  boosts  the  gain  at  higher 
wavelengths,  a gam  that  is  Hat  to  within  3 dB  can  be  extended  to  1616  nm  Figure 
1 1-12  shows  typical  results  for  two  commercially  available  FDFAs  that  have  been 
gain-compcnsatcd  in  the  1 52H-to- 1 563-nm  and  the  1 56K-to- 1 603-nm  spectral 
bands,  respectively. 

In  the  preceding  discussions  and  analyses,  we  have  looked  only  at  transmis- 
sion in  one  direction  along  a fiber  However,  bidirectional  propagation  is  also 
possible  in  a fiber  link  carrying  multiple  wavelengths  in  each  direction  through  a 
cascaded  chain  of  FDFAs  -5 


11.5.5  In-Line  Amplifier  Gain  Control 

In  4 long-distance  fiber  transmission  system  using  optical  amplifiers,  it  is  desirable 
to  keep  the  output  power  of  the  in-line  amplifiers  constant  when  there  are  fluc- 
tuations in  the  input  power  level.'6  For  example,  such  fluctuations  could  occur 
from  loss  variations  in  the  optical  cable  or  from  degradation  in  a preceding 
optical  amplifier.  Changes  in  the  number  of  channels  caused  by  network  reconfi- 
guration will  also  produce  a power  transition  in  the  optical  amplifier  output 
-\  practical  way  to  keep  the  output  power  constant  is  to  operate  the  optical 
amplifier  in  the  gam-compression  (saturation)  region,  as  shown  in  Fig.  1 1-13  In 
this  signal-controlled  automatic  gain  control  (AGC)  method,  when  the  input  power 
to  the  amplifier  decreases,  the  gain  becomes  higher  to  yield  a higher  output  power, 
Conversely,  if  the  input  power  increases,  the  gam  drops  to  compensate  for  this 
variation  The  exact  amount  of  compensation  depends  on  the  relationship 
between  the  gain  and  the  input  power  (as  given  by  the  slope  of  the  curve  in  the 
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Wavelength  Umi) 
(6) 


FIGURE  I M2 

(a)  The  gam  of  a commercially  available  EDFA  that  has  been  flattened  over  the  l52l,-Hi-l5h*-mn 
spectral  band  (6)  The  gain  of  a commercially  available  EDFA  that  has  been  flattened  over  the  1 568 -U> 
IMM-mii  spectral  hand,  ((’urves  aic  provided  courtesy  of  AFC  Technologies,  Inc  . www.afctck  cowl 
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FIGURE  11-13 

A puuive  ttgnul-controiltd  giun  con- 
trol method  in  which  the  umplifici 
operate*  in  the  uturution  region 
wuh  a nominal  input  A 

decrease  in  the  input  power  will  raiic 
the  gain  toward  0';.  whereat  an  input- 
power  mere utc  will  lower  the  gum 
toward  <*» 


saturation  region).19  In  u cascaded  chain  of  optical  amplifiers,  if  the  span  loss 
between  amplifiers  happens  to  increase  somewhere  so  that  the  input  power  to  an 
optical  amplifier  is  reduced,  the  signal  power  is  largely  restored  in  the  following 
several  amplifiers.  This  is  known  as  a xelf-hcalmg  effect  in  optically  amplified 
communication  systems. 

The  limitation  of  the  signal-controlled  AGC  scheme  is  that  the  gain  is  low, 
since  the  amplifier  operates  in  the  saturation  region.  More  versatile  dynamic  gam 
control  methods  that  keep  the  per-wavclength  output  power  constant  when  the 
number  of  channels  changes  have  also  been  demonstrated.'9'41  For  example,  in 
one  dynamic  AGC  implementation,  when  a channel  is  suddenly  dropped,  the 
amplifier  output  power  is  restored  to  its  original  level  within  I ms  with  the 
transient  level  change  being  less  than  0.5  dB. 


1 1.6  WAVELENGTH  CONVERTERS 

An  optical  wavelength  converter  is  a device  that  can  directly  translate  information 
contained  on  an  incoming  wavelength  to  a new  wavelength  without  entering  the 
electrical  domain.  This  is  an  important  component  in  all-optical  networks,  since 
the  wavelength  of  the  incoming  signal  may  alrcudv  be  in  use  by  another  informa- 
tion channel  residing  on  the  destined  outgoing  path  Converting  the  incoming 
signal  to  a new  wavelength  will  allow  both  information  channels  to  traverse  the 
same  fiber  simultaneously.  Here,  we  will  describe  two  classes  of  wavelength  con- 
verters. with  one  example  from  each  class. 

11.6.1  Optical-Gating  Wavelength  Converters 

A wide  variety  of  optical-gating  techniques  using  devices  such  as  semiconductor 
optical  amplifiers,  semiconductor  lasers,  or  nonlinear  optical-loop  mirrors  have 
been  investigated  to  achieve  wavelength  conversion  The  use  of  a SOA  in  a 
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cross-phase  modulation  (XPM | mode  has  been  one  of  the  most  successful  lech* 
tuques  for  implementing  single-wavelength  conversion.42*46  The  configurations 
for  implementing  this  scheme  include  the  Mach-Zchnder  or  the  Michel. son  inter- 
ferometer setups  shown  in  f ig  11-14 

Tile  XPM  scheme  relies  on  the  dependency  of  the  refractive  index  on  the 
currier  density  in  the  active  region  of  the  SOA  As  depicted  in  Fig.  1 1-14,  the  basic 
concept  is  that  an  incoming  information-carrying  signal  at  wavelength  X,  and  a 
continuous-wave  (C'W)  signal  ut  the  desired  new  wavelength  (called  the  /?n>Ae 
hrwn)  are  simultaneously  coupled  into  the  device.  The  two  wuves  can  be  cither 
copropagating  or  countcrpropagaling  However,  the  noise  in  the  latter  case  i» 
higher.4  4*  The  signal  beam  modulates  the  gain  of  the  SOA  by  depleting  the 
carriers,  which  produces  a modulation  of  the  refractive  index.  When  the  CW 
beam  encounters  the  modulated  gain  und  refractive  index,  its  amplitude  and 
phase  arc  changed,  so  that  it  now  carries  the  same  information  as  the  input  signal. 
As  shown  in  Fig.  11-14,  the  SOAs  arc  placed  in  an  asymmetric  configuration  so 
thut  the  phase  change  in  the  two  amplifiers  is  different  Consequently,  the  CW 
light  is  modulated  according  to  the  phase  difference.  A typical  splitting  ratio  » 69 
31  percent  This  type  of  converters  readily  handle  data  rates  of  at  least  10  Gb  s 
A limitation  of  the  XPM  architecture  is  that  it  only  converts  one  wavelength 
at  a time  In  addition,  it  hus  limited  transparency  in  terms  of  the  data  formal  Any 
information  that  is  in  the  form  of  phase,  frequency,  or  analog  amplitude  is  loti 
during  the  wavelength  conversion  process.  Consequently,  this  scheme  is  restricted 
to  converting  digital  signal  streams 


(a  I Mach  - /.rtindcr  interferometer 
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(<rl  Mach-Zchnder  interferometer  and  (A)  Mrihelnon  intcrler omelet  ictupt  using  a pair  of  SOA*  tor 
implementing  the  croM-phaac  modulalron  wavelength-conversion  wheme 
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11.6.2  Wave-Mixing  Wavelength  Converters 

Wavelength  conversion  based  on  nonlinear  optical  wave  mixing  offers  important 
advantages  compared  with  other  methods.  "W'5S  These  include  a multiwavclength 
conversion  capability  and  transparency  to  the  modulation  format.  The  mixing 
results  from  nonlinear  interactions  among  optical  waves  traversing  a nonlinear 
material  The  outcome  is  the  generation  of  another  wave  whose  intensity  is  pro- 
portional to  the  product  of  the  intensities  of  the  interacting  waves.  The  phase  and 
frequency  of  the  generated  wave  are  a linear  combination  of  ihose  of  the  inter- 
acting waves  Therefore,  the  wave  mixing  preserves  both  amplitude  and  phase 
information,  and,  consequently,  is  the  only  wavelength-conversion  category  that 
offers  strict  transparency  to  the  modulation  format 

Two  successful  schemes  arc  four-wave  mining  (FWM ) in  cilhcr  passive 
waveguides  or  SOAs.  and  difference-frequency  generation  in  waveguides  For 
wavelength  conversion,  the  FWM  scheme  employs  the  mixing  of  three  distinct 
input  waves  to  generate  a fourth  distinct  output  wave  In  this  method,  an  intensity 
pattern  resulting  from  two  input  waves  interacting  in  a nonlinear  material  forms  a 
grating.  For  example,  in  SOAs  there  are  three  physical  mechanisms  that  can  form 
a grating  These  are  carrier-density  modulation,  dynamic  carrier  heating,  und 
spectral  hole  burning  The  third  input  wave  in  the  material  gets  scattered  by 
this  grating,  thereby  generating  an  output  wave.  The  frequency  of  the  generated 
output  wave  is  offset  from  that  of  the  third  wave  by  the  frequency  difference 
between  the  first  two  waves  If  one  of  the  three  incident  waves  contains  amplitude, 
phase,  or  frequency  information,  and  the  other  two  waves  arc  constant,  ihen  the 
generated  wave  will  contain  the  same  information 

Difference-frequency  generation  in  waveguides  is  based  on  the  mixing  of 
two  input  waves  Here,  the  nonlinear  interaction  of  the  mutcriul  i*  with  a pump 
and  a signal  wave.  Figure  1 1-1$  gives  an  example  of  the  simultaneous  conversion 
of  eight  input  wavelengths  in  the  154t>-to-l560-nm  region  to  a set  of  eight  output 
wavelengths  in  the  !524-to-l538-nm  region  11 
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1 1-1.  Consider  an  IntiaAsP  semiconductor  optical  amplifier  that  lias  Ihe  following  pa- 
rameter values: 


symbol 

Paiamrtr* 

> slur 

IP 

Active  area  width 

5 pm 

d 

Active  area  thickness 

0 5 pm 

L 

Amplifier  length 

200  pm 

r 

Confinement  factor 

O.J 

C* 

Time  constant 

1 OS 

a 

Gam  coefficient 

1 « 10  ^nr1 

Group  velocity 

2.0  x to1  m/S 

Threshold  density 

I Ox  lO^nr’ 

450  omtcAt  xmhjhi  *s 


Wavelength  i ran) 


figure  ii-is 

Simultaneous  conversion  of  eight  mpul  wavelengths  llMn.  1548.  1550.  1552.  1554  I55h  1555.  I5t0 
nm)  to  a set  of  eight  output  wavelength*  (I53K,  1556.  1534,  1532.  1530,  152H,  1526.  1524  ran)  uuaf 
difference-frequency  generation.  T3tc  1542-ntn  spike  i»  a second -order  spcctromcler  impolite  to  the 
pump  turn  at  771  nm  I Reproduced  with  permission  from  Yoo  el  #l.vl  it  W7  OS  A ) 


If  it  100-tnA  huts  current  is  applied . find  (u)  the  pumping  rate  Rf.  (/>)  the  nusimuu 
(zero-signal)  gain,  (r)  the  saturation  photon  density,  (</)  the  photon  densii)  if  a 
I -/iW  signal  at  13 1 0 nrn  enters  the  amplifier  C ompurc  the  results  of  id  and  t./l 
11-2.  Vcnfy  that  Fq  (11-15)  Tolloss^  from  Eq.  (11-14) 

11-3.  Solving  Eq  (II-IS)  numerically,  make  plots  of  the  normalized  amplifier  gain 
(G/Go)  versus  the  normalized  output  power  «i)  for  mi  saturated  .impti- 

ficr  gain  values  of  G«  = 31)  dB.  IS  dB.  and  It)  dB 
11-4.  TTie  output  Mturation  power  Ptmt, all  is  defined  as  the  amplifier  output  power  for 
which  the  amplifier  gain  G is  reduced  by  .3  dB  (a  factor  of  2)  from  its  uiuatuimd 
value  G)>  Assuming  <«i,  > I,  show  that  in  terms  of  Ihc  amplifier  saturation  po»cr 
f'mpat-  Uie  output  saturation  power  is 


Go  In  2 n 
(G«  - 2)  ”*mr 


11-5.  Since  tile  gain  constant  a depends  on  the  frequency,  the  amplifier  gam  is  idle 
frequency -dependent  The  3-dB  bandwidth  tfull-width  at  lialf-m.nunuis. 
FVV'MM ) is  defined  os  the  frequency  for  which  the  power  gain  G(u)  is  reduced  by 
a factor  of  2.  Assume  the  gam  purameter  g has  a gaussian  profile 


J *<*'> 


go 

I 3-  4(0  - 0,)7<jW 


where  Av  is  the  optical  bandwidth  Ithe  spectral  width  of  the  gain  profile)  and  is  a 
Ihc  maximum-gam  frequency  Show  that  Ihc  ratio  of  the  ,1-dB  bandwidth  2<v-m| 
to  the  optical  bandwidth  Ac  is 


Mumtxu 


45) 


where  log;  X is  the  bane- 2 logarithm  of  V Wh.it  docs  this  equation  show  concern- 
in>t  the  relationship  between  the  amplifier  gain  and  the  optical  bandwidth? 

11-6.  Assume  the  gain  profile  of  an  optical  amplifier  is 

irfX)  = *,*•-<* 

where  X«i  is  the  peak-gain  wavelength  and  A a is  the  spectral  width  of  the  amplifier 
gain.  If  A>.  — 25  nni  find  the  FWHM  (the  3-dB  gain)  of  the  amplifier  gain  if  the 
peak  gam  at  >.«  is  30  dB 

11-7.  in)  Compare  the  minimum  theoretical  PCF.  for  OKo-nm  and  1475-nm  pumpmg  in 
an  COFA  for  a 1545-nm  signal  Contrast  this  with  actual  measiuetl  results  ol 
PCF  - 50  0 percent  and  75.6  percent  or  980-nm  and  1475-nm  pumpmg.  respec- 
tively. 

(/>)  Using  the  actual  results  lor  WE  given  in  (ul.  plot  the  maximum  signal  output 
power  as  a function  of  pump  power  for  0 < ...  < 20(1  m\5  for  pump  wave- 

lengths of  OKU  nm  and  I4’5  nm 

1141.  Assume  we  have  an  FIDE  A power  amplifier  that  produces  - 2?  dBm  for  an 
input  level  of  2 dBrn  at  1542  nm 
(a)  Kind  the  amplifier  gain 
(A)  What  is  the  minimum  pump  power  required? 

11-7.  la)  To  sec  the  relative  contributions  of  the  various  noise  mechanisms  m an  optical 
amplifier,  calculate  the  values  of  the  five  notsc  terms  in  Eq  ( 1 1 -27 1 for  opera- 
tional gains  of  G — 20  dB  and  30  dB  Assume  the  optical  bandwidth  is  equal  to 
lire  spontaneous  emission  bandwidth  t30-nm  spectral  widilil  and  use  the  fol- 
lowing parameter  values; 


SimW 

I'ariiim'lcr 

Value 

1 

Photodiode  quantum  efficiency 

0.6 

M 

Rcsponsivity 

0 73  A W 

Inpul  optical  power 

IliW 

X 

Wavelength 

1550  mil 

Ac,,. 

Optical  bandwidth 

3.77  * 10'*  It/ 

H 

Receiver  bandwidth 

1 . Hi*  Hr 

**9 

Spoituneous  emission  factor 

* 

* 

Hi 

Receiver  load  resistor 

IOOOO 

(/>)  To  see  the  effect  of  using  a nan ow band  optical  filter  a|  the  receiver,  let 
Aivjs  - I 25  ■ 10"  H/  |I25  (ill/  at  1 55(1  nm!  and  find  the  same  five  noise 
terms  for  fi  = 20  dB  and  ,10  dB 

11-10.  Plot  the  penalty  factor  F[  G)  given  by  Eq  1 1 1 -36)  as  a function  of  amplifier  gain  for 
gams  ranging  from  ti  to  VI  dB  Assuming  the  fiber  attenuation  ts  0,2  dB  km,  dmw  a 
distance  axis  parallel  to  the  gain  axis  to  show  the  transmission  distances  corre- 
sponding to  the  gain  values. 

11-11.  Consider  a cascaded  chain  of  k fibcr-plus-EDE  A combinations,  as  shown  lit  Fig 
PI  l-l  I 
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FIGURE  nil  I 


i a)  Show  lliai  the  palh-averuged  signal  power  is 

(M  l>cnvc  ihc  path-averaged  ASF  power  given  by  liq  ( 11-35) 

11*12.  Consider  a long-distance  transmission  system  containing  a cascaded  chain  oi 
FDF  Vs  Assume  each  EDF'A  is  operated  in  the  saturation  region  and  thus  the 
slope  of  the  gain-versus-tnput  power  curse  in  this  region  is  — 0 5;  that  i*.  the  gam 
changes  by  iJ  dB  for  a Th-dB  variation  in  input  power  Let  the  Bnh  have  the 
following  operational  parameters 


.Symbol 

Parameter 

Valor 

G 

Nominal  gain 

7.1  dB 

f* i nut 

Nominal  output  optical  power 

3.0  dBm 

FU 

Nominal  input  opncul  power 

-4,1  dBm 

(<r)  Suppose  llicre  u a sudden  6-dB  drop  in  signal  level  at  some  point  in  the  link 
Find  the  power  output  levels  alter  the  degraded  signal  has  passed  through  1.1 
3.  and  4 succeeding  amplifier  stages 
</>l  Repeal  part  <u)  for  a signal-level  drop  of  12  dB 
I 1-1.3.  Lei  (he  electric  field  of  an  optical  signal  at  a carrier  frequency  t be 

£,<ft  = ^/2P,co*(2xv,t  + 4>i) 

where  P,  is  ihc  signal  power  at  the  carrier  frequency  i , and  4>,  is  the  carnet  phase.  If 
S optical  signals  each  at  a different  frequency  v,  are  traveling  along  a fiber,  stun* 
that  ihc  signal  power  is 

V V M 

r E r'  > + E E 

l.l 

where  = 2t( v,  - I represents  the  heal  frequency  at  which  ihc  earner  popula- 
tion oscillates. 

1 1-14.  Consider  an  FIJI  A with  a gam  of  2b  dB  and  a maximum  output  power  of  0 dBm. 
(a)  Compare  the  output  signal  levels  per  channel  lor  I.  2.  4.  and  8 wavelength 
channels,  where  the  input  power  is  I gW  for  each  signal 
(frl  What  are  ihc  oulput  signal  levels  per  channel  in  each  cone  if  the  pump  powet  it 
doubled'’ 


1‘KOHLEMS  453 


1 1-15.  Recall  from  Eq  (7-51)  that  the  bit-error  rate  (HER)  can  be  given  in  terms  of  a Q 
factor,  where,  from  Eq.  (7-53), 


Q 


hem  ~ froff 

v/^  + V^r 


When  thermal  noise  Is  dominant,  we  have  = o^.  as  we  saw  in  Chap.  7 
However,  for  an  EDFA  the  existence  of  signalASE  beat  noise  produces  the  con- 
dition a;m  > ohf  In  this  ease.  or*0  = o-,ul  from  Eq  (11-29), 

Ka  = °T  + ^Oml-ASt  +■  aSSE-A5f 


and 


h««  - ban  = (C/i  + /#)  — //v  — G£P,m 

Noting  that  the  receiver  sensitivity  P*  is  half  the  signal  power  of  a transmitted  I bn 
for  a uniform  distribution  or  ones  and  zeros  (l.e  . P,  = IPg),  show  that  in  terms  of 
the  Q factor  the  receiver  sensitivity  is 

+ U>T  T'*l 

where  F U the  noise  figure  given  by  Eq  < 1 1-34) 
lt-16.  Using  the  expression  for  the  receiver  sensitivity  PK  given  in  Prob  1 1-15,  plot  P*  as 
a function  of  G fot  gain  values  ranging  from  10  to  40  dB.  Use  the  following  values 
of  2.5.  12.5.  125,  and  675  GHz  (corresponding  to  spectral  bandpasses  of 
0 02,  0 1,  I.  and  5 nm.  respectively  at  1550  um).  Let  Q = b and  assume  the  follow- 
ing values  for  the  parameters  in  the  expression  for  P* 


Symbol 

Paramrtrr 

Value 

n 

Photodiode  quantum  efficiency 

06 

r 

Tempermure 

300  K 

i 

Wavelength 

1550  nm 

B 

Receiver  bandwidth 

125  GHz 

"w 

Spontaneous  emission  factor 

2 

Pi. 

Receiver  load  resistor 

500 

11-17.  Consider  the  expression  for  the  receiver  sensitivity  PK  given  in  Prob.  II  15.  For 
sufficiently  Urge  values  of  G.  the  thermal  noise  terra  is  negligible  and  the  first  term 
in  the  square-root  expression  is  small  compared  with  (he  second  term  In  this  ease, 
and  for  2Av„p,  > I.  the  expression  for  PH  becomes 

+ J 

Letting  Q = 6 (for  a I0'v  BER).  plot  PM  a*  a function  of  the  relative  optical  filter 
bandwidth  Ai^/fl  for  the  range  ID  < Avop< /8<  1000  for  the  following  three 
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values  of  > J dB,  5 dB.  and  7 dB  Assume  a wavelength  of  I $$0  nra,  a photodiode 
quantum  efficiency  of  0 5,  and  an  electrical  bandwidth  of  I 25  GHz 
1 1-18.  If  the  input  power  and  the  optical  bandwidth  are  relatively  large,  the  relative 
intensity  noise  inherent  in  the  laser  transmitter  may  affect  the  noise  figure  of  an 
optical  amplifier  In  this  caxe.  the  noise  figure  F relative  to  (the  noise  figure 
when  signal  ASE  heating  is  the  dominant  muse)  is  given  by5* 

F Pass  (RIN)As>,»  2B  (RINJAc,^  P, 

2n,r  P,  8 Av  4 P ase 

where  Pam  hv  A i .,„  is  the  ASE  noise  power.  Here,  the  third  term  comes 
from  the  interaction  between  the  RIN  and  the  ASE,  und  the  fourth  term  arises  from 
the  interaction  between  the  RIN  and  the  signal  Plot  F /2nv  us  a function  of 
for  the  range  -lOdB  < P./Pave  S 20dB  Use  the  fallowing  values  of 
(RIN)  At'npi  0.01.0.1.  I.  and  10 
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Chapter  9 covered  the  performance  feature*  of  point-to-point  links,  where  the 
optical  fiber  system  senes  as  a simple  connection  between  two  sets  of  electrical 
signal-processing  equipment  This  chapter  treats  more  complex  networks  that  can 
be  utilized  in  local-,  metropolitan-,  or  wide-area  networks  to  connect  hundreds  or 
thousands  of  users  with  a wide  range  of  transmission  capacities  and  speeds  ' " A 
major  motivation  for  developing  these  sophisticated  networks  has  been  the  rupid 
proliferation  of  information  exchange  desired  by  institutions  such  as  commerce, 
finance,  education,  health,  government,  security,  and  entertainment  The 
potential  for  this  information  exchange  arose  from  the  ever-increasing  power  of 
computers  and  data-storage  devices,  which  now  need  to  be  interconnected  by 
high-speed,  high-capacity  networks  * 1 1 

In  Sec  12.1  we  describe  some  of  ihe  basic  topologies  that  arc  possible  for 
fiber  optic  networks  and  examine  the  design  tradeoffs  among  them  Next,  See 
12.2  looks  at  the  closely  coupled  SONET  and  SDH  standards,  which  specify 
formats  for  optical  signals  so  they  can  be  shared  between  networks.  The  basic 
SONET/SDH  characteristics  covered  include  the  standard  dala-frnmc  structure, 
the  optical  interface  specifications,  and  the  fundamental  ring  architectures,  Also 
shown  arc  possible  network  architectures  that  can  be  constructed  from  SONET 
SDH  rings 

Methods  for  simultaneously  accessing  a number  of  nodes  in  an  optical  net- 
work can  be  implemented  either  in  the  spectral  domain  or  in  the  time  domain.  Wc 
first  look  at  WDM  A (WDM  access),  which  is  an  example  of  a multiple -access 
architecture  operating  in  the  spectral  domain  In  this  context.  See  12.3  uddresses 
broadcast-and-select  networks,  in  which  the  optical  signal  from  one  station  is  sent 


45 


458  omrAi  networks 


to  a large  number  of  other  stations  by  using  a passive  all-optical  distribution 
architecture  As  an  example,  each  station  could  transmit  at  a different  wave- 
length. with  the  receiver  using  an  opticul  filter  to  extract  the  desired  wavelength 
destined  for  it  from  the  others 

To  overcome  a number  of  problems  associated  with  the  broadcast -a  nd- 
sclect  technique,  the  next  level  of  sophistication  uses  either  a passive  or  an  active 
method  to  route  individual  incoming  wavelengths  to  a particular  destination 
Section  12.4  discusses  these  wavelength-routing  networks,  which  utilize  wave- 
length-conversion technologies. 

The  design  of  a WDM  network  requires  careful  planning  of  fiber  selection, 
component  tuning,  and  network  layout  to  combat  system-degradation  processes 
and  to  create  a network  that  is  easy  to  operate  and  maintain.  Section  12.5 
addresses  these  topics  Included  here  are  descriptions  of  various  performance- 
degradation  effects  (such  as  inelastic  scattering  of  photons  and  nonlinear  pro- 
cesses in  fibers),  and  dispersion-compensation  schemes  In  addition  to  these 
effects,  designing  optically  amplified  WDM  links  and  networks  requires  careful 
consideration  of  factors  such  as  bandwidth.  BER  requirements,  and  crosstalk 
between  optical  channels.  Section  12.6  describes  these  issues. 

Advanced  communication  techniques  for  optical  system*  include  soliton 
transmission,  optical  code-division  multiple  access  (optical  CDMA),  and  ultrafast 
time-division  multiplexing  (TDM)  These  topics  are  addressed  in  See  127 
through  1 2.9.  respectively  Further  topics  in  this  rapidly  changing  field  can  be 
found  on  the  web  site  for  this  hook  (see  Sec  1.5.4). 


12.1  BASIC  NETWORKS 

Before  delving  into  network  details,  let  u%  briefly  define  some  terms  Suppose 
there  is  a collection  of  devices  with  which  users  wish  to  communicate.  These 
devices  are  called  stations,  and  may  be  computers,  terminals,  telephones,  or 
other  equipment  for  communicating  Stations  are  also  referred  to  as  data  terminal 
equipment  (DTE)  in  the  networking  world  To  establish  connections  between 
these  stations,  one  interconnects  them  by  transmission  paths  to  form  a network 
Within  this  network,  a node  is  a poinl  where  one  or  more  communication  lines 
terminate  and/or  where  stations  arc  connected.  Stations  also  can  connect  directly 
to  a transmission  line.  The  topology  is  the  logical  munner  in  which  nodes  are 
linked  together  by  information-transmission  channels  to  form  a network  The 
transfer  of  information  from  source  to  destination  through  a series  of  intermedi- 
ate nodes  is  called  switching,  and  the  selection  of  a suitable  path  through  a net- 
work is  referred  to  as  routing  Thus,  a switched  communication  network  consists  of 
an  interconnected  collection  of  nixies,  in  which  information  streams  that  enter  the 
network  from  a station  are  routed  to  the  destination  by  being  switched  from  node 
to  node  When  two  networks  that  use  different  information-exchange  rules  (pro- 
tocols) are  interconnected,  a device  culled  a router  is  used  at  the  interconnection 
point  to  translate  the  control  information  from  one  protsx'ol  to  another 


IU  BASIC  NCTWOMU 


45' 


Networks  are  traditionally  divided  into  the  following  three  broad  categories: 

1.  Local-area  networks  (LANs)  interconnect  users  in  a localized  urea  such  as  u 
department,  a building,  an  office  or  factory  complex,  or  a university  campus. 

2.  Metropolitan-area  networks  (MANs)  provide  user  interconnection  within  a 
city  or  in  the  metropolitan  area  surrounding  a city. 

3.  Wide-area  networks  (WANs)  cover  a large  geographical  area  ranging  from 
connections  between  nearby  cities  to  connections  of  users  across  a country. 

In  this  section  we  will  consider  star,  lincur  bus.  and  ring  topologies  used  for 
fiber  optic  networks,  and  we  will  compare  the  performance  of  linear  bus  and  star 
configurations  in  terms  of  a detailed  power-budget  analysis  in  a LAN  environ- 
ment. A popular  protocol  used  in  optical  LANs  is  the  Fiber  Distributed  Data 
Interface  (FDDI).1'  Section  12.2  describes  the  SONET  and  SDH  protocols,  which 
are  widely  used  on  a ring  network  with  active  nodes  in  MANs  and  WANs 


12.1.1  [Network  Topologies 

Figure  12-1  shows  the  three  common  topologies  used  for  fiber  optic  networks. 
These  arc  the  linear-bus . ring,  and  star  configurations.  Each  has  its  own  particular 
advantages  and  limitations  in  terms  of  reliability,  expandability,  and  performance 
characteristics. 

Nonoptical  bus  networks,  such  as  standard  Ethernet,  employ  coaxial  cable 
as  the  transmission  medium  The  primary  advantages  of  such  a network  arc  the 
totally  passive  nature  of  the  transmission  medium  und  the  ability  to  easily  install 
low -perturbation  (high-impedance)  taps  on  the  coaxial  line  without  disrupting  the 
operating  network.  In  contrast  to  the  coaxial  bus,  a fibcr-optic-bascd  bus  network 
is  more  difficult  to  implement  The  impediment  is  that  there  ure  no  low-perturba- 
tion optical-tup  equivalents  to  coax  taps  for  efficiently  coupling  optical  signals 
into  and  out  of  the  main  optical  fiber  trunk  line.  Access  to  an  optical  data  bus  is 
achieved  by  means  of  a coupling  clement,  which  can  be  either  active  or  passive. 
An  active  coupler  converts  the  optical  signal  on  the  dnta  bus  to  its  electric  base- 
band counterpart  before  any  data  processing  (such  as  injecting  additional  data 
into  the  signal  stream  or  merely  passing  on  the  received  data)  is  carried  out  A 
p<mnc  coupler  employs  no  electronic  elements.  It  is  used  passively  to  tup  off  a 
portion  of  the  optical  power  from  the  bus.  Examples  of  these  arc  the  2 x 2 
couplers  described  in  Chap  10. 

In  a ring  topology,  consecutive  nodes  arc  connected  by  point-to-point  links 
that  arc  arranged  to  form  a single  closed  path.  Information  in  the  Conn  of  data 
packets  (a  group  of  information  bits  plus  overhead  bits)  is  transmitted  from  node 
to  node  around  the  ring  The  interface  at  each  node  is  an  active  device  that  has  the 
ability  to  recognize  its  own  address  in  a data  packet  in  order  to  accept  messages. 
The  active  node  forwards  those  messages  that  arc  not  addressed  to  itself  on  to  its 
next  neighbor 
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Three  common  topolojpo  u»ed  for  fiber  optic  network*:  la)  bu».  (A)  ring,  and  Ir)  uar 
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In  u slur  architecture,  all  nodes  arc  joined  at  a single  point  called  the  centra I 
node  or  huh  The  central  node  cun  be  an  active  or  a passive  device  Using  an  active 
hub.  one  can  control  all  routing  of  messages  in  the  network  from  the  ccnlrul  node. 
Tins  is  useful  when  most  of  the  communications  are  between  the  central  and  the 
outlying  nodes,  as  opposed  to  information  exchange  between  the  attached  sta- 
tions. If  there  is  a great  deal  of  message  traffic  between  the  outlying  nodes,  then  a 
heavy  switching  burden  is  placed  on  an  active  central  node.  In  a star  network  with 
a passive  central  node,  a power  splitter  is  used  at  the  hub  to  divide  the  incoming 
optical  signals  among  all  (he  outgoing  lines  to  the  attached  stations 


12.1.2  Performance  of  Passive  l inear  Buses 

To  evaluate  the  performance  of  a passive  linear  bus,  let  us  examine  the  various 
locations  of  power  loss  along  the  transmission  path  We  consider  this  in  terms  of 
the  fraction  of  power  lost  ut  a particular  interface  or  within  a particular  com- 
ponent f irst,  as  described  in  See  3-1,  over  an  optical  fiber  of  length  v (in  kilo- 
meters). the  ratio  A0  of  received  power  P\x)  to  transmitted  power  /*(<)>  is  given  by 

= IO-«"'0  (12-1) 

"(0) 

where  a is  the  fiber  attenuation  in  units  of  dB/km 

The  losses  encountered  in  u passive  coupler  used  for  a linear  bus  are  shown 
schematically  in  Fig  12-2  This  is  nominal!)  a cascaded  combination  of  two 
directional  couplers  where  two  ports  (one  in  each  directional  coupler)  are  not 
used  For  simplicity,  we  do  not  show  these  unused  ports  here  The  coupler  thus 
has  four  functioning  ports:  two  for  connecting  the  coupler  onto  the  fiber  bus.  one 
for  receiving  tapped-ofT  light,  and  one  for  inserting  an  optical  signal  onto  the  line 
after  the  tap-olT  to  keep  the  signal  out  of  the  local  receiver.  If  a Traction  F,  of 
optical  power  is  lost  at  each  port  of  the  coupler,  then  the  connecting  los>  is 

£*  = —10  log(l  — F,)  (12-2) 


Tu  fiber 
bln  Ur* 


FIU  Ht  12-2 

Lowes  encountered  in  a passive  linear-hut  coupler  contenting  of  a cascade  ot  two  directional  couplers 
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For  example,  if  we  lukc  this  fraction  to  be  20  percent,  then  Lr  is  about  1 dB.  that 
is.  the  optical  power  gets  reduced  by  I dB  ut  any  coupling  junction. 

Let  Cj  represent  the  fraction  of  power  that  is  removed  from  the  bus  and 
delivered  to  the  detector  port  The  power  extracted  from  the  bus  is  called  a tap  loss 
and  is  given  by 

LUp  = -10  log  C>  (12*3) 


For  a symmetric  coupler.  Cr  also  is  the  fraction  of  power  that  is  coupled  from  the 
transmitting  input  port  to  Lhe  bus.  Thus,  if  P#  is  the  optical  power  launched  from 
a source  flylcad,  the  power  coupled  to  the  bus  is  CrPo  Note  that,  m general, 
when  calculating  the  throughput  power  for  intermediate  stations,  the  transmission 
path  through  the  bus  coupler  passes  two  tap  points,  since  optical  power  is 
extracted  at  both  the  receiving  and  the  transmitting  taps  of  the  device  The 
power  removed  at  the  transmitting  tap  goes  out  or  the  unused  port  and  thus  is 
lost  from  the  system.  The  throughput  coupling  loss  Lumi  in  decibels  is  then  given  by 

Uru  = -10  logfl  - C'r)2  = -20  log(l  - CT)  02-4) 

In  addition  to  connection  and  tapping  losses,  there  is  an  intrinsic  transmis- 
sion loss  £.<  associated  with  each  bus  coupler.  If  the  fraction  of  power  lost  in  the 
coupler  is  F,.  then  the  intrinsic  transmission  loss  L,  in  decibels  is 

L,  = — lOlogO  -Ft)  . 02*5) 

Generally,  a linear  bus  will  consist  of  a number  of  stations  separated  by 
various  lengths  of  bus  line.  However,  for  analytical  simplicity,  here  we  consider  a 
simplex  linear  bus  of  N stations  uniformly  separated  by  a distance  L.  as  shown  in 
Fig  12-3.  Thus,  from  Eq.  (12-1)  the  fiber  attenuation  between  any  two  adjacent 
stations  in  decibels  is 

Lnbc,  = -10  log  An  = aL  (12-6) 


Node  1 Node  2 Node  .V 


Station  1 Station  2 Station  N 


FIGURE  12-3 

Topology  of  a nmplea  linear  bus  conuitmg  of  A'  uniformly  upaced  itatiom 


Ill  IIAM*  NtTWOfchs 


463 


The  term  simplex  means  that,  in  this  configuration,  information  flows  only  from 
left  to  right.  To  have  full-duplex  communication,  in  which  stations  cun  commu- 
nicate in  either  direction,  one  needs  un  analogous  configuration  with  u sepurate 
parallel  line  and  another  set  of  N couplers  The  information  flow  in  the  second 
line  would  then  be  from  right  to  left. 

To  determine  the  power  budget,  we  shall  first  examine  the  link  in  terms  of 
frucuonal  power  losses  at  each  link  element.  The  examples  will  then  show  the 
power-budget  calculation  (in  decibels)  using  a tabular  form.  For  the  fractional- 
loss  method,  we  use  the  notation  P to  denote  the  optical  power  received  at  the 
detector  of  the  kth  station  from  the  transmitter  of  the  /th  station.  For  simplicity, 
we  assume  that  a bus  coupler  exists  at  every  terminal  of  the  bus.  including  the  two 
end  stations. 

NEAREST-NEIGHBOR  POWER  BUDGET.  The  smallest  distance  in  transmitted 
and  received  power  occurs  for  adjacent  stations,  such  as  between  stations  I and 
2 in  Fig.  12-3.  If  Pa  is  the  optical  power  launched  from  a source  flylcud  at  station 
I,  then  the  power  detected  at  station  2 is 

Pu  = ^oC'lr(  I - F,)4(l  - FfPa  (12-7) 

since  the  optical  power  flow  encounters  the  following  loss-inducing  mechanisms 

• One  fiber  path  with  attenuation  Ao. 

• Tap  points  at  both  the  transmitter  and  the  receiver,  each  with  coupling  effi- 
ciencies Cf. 

• Four  connecting  points,  each  of  which  passes  a fraction  ( I - Fr)  of  the  power 
entering  them 

• Two  couplers  which  pass  only  the  fraction  ( I — F,)  of  the  incident  power  owing 
to  intrinsic  losses. 

Using  Eqs.  ( 12-2)  through  (12-4)  and  Eq  (12-6),  the  expression  for  the  losses 
between  stations  I and  2 can  be  expressed  in  logarithmic  form  as 

1°  !°g(^)  =aL  + 2£,.P+4*, +2L,  (12-8) 

LARGEST- DISTANCE  POW  ER  BUDGET.  The  largest  distance  for  transmitted  und 
received  power  occurs  between  stations  I and  S At  the  transmitting  end  the 
fractional  power  level  coupled  into  the  first  length  of  cable  from  the  transmitter 
flylcad  through  the  bus  coupler  at  station  I is 

Fj=(l  -F^Ctfl  -F.)  (l2-9«) 

Similarly,  at  station  .V  the  fraction  of  power  from  the  bus-coupler  input  port  that 
emerges  from  the  detector  port  is 

F*  = (l-Ff)JCr<l-F,) 


(I2-9M 
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For  each  of  the  (N  -2)  intermediate  stations,  the  fraction  of  power  passing 
through  each  coupling  module  (shown  in  Fig.  12-2)  is 

Fooop  » (I  - /v)2<  1 - Cr)\ I - F)  (12-10) 

since,  from  the  input  to  the  output  of  each  coupler,  the  power  flow  encounters  two 
connector  losses,  two  tap  losses,  and  one  intrinsic  loss.  Combining  the  expression 
from  Eqs.  (12-9n).  (12-96),  and  (12-10),  and  the  transmission  losses  of  the  N — 1 
intervening  fibers,  we  find  that  the  power  received  at  station  S from  station  I ii 

P\  N = 

= - Frf"(l  - Cr)i,v_2>Cf(l  - pfp0  (12-11) 

Using  Eqs  (12-2)  through  (12-6),  the  power  budget  for  this  link  then  is 

10  =(N-\)aL  + 2NL,  + (N-  2)L^  + 2Lup  + NU 

— (fiber  + connector  + coupler  throughput 

-+•  ingress/egress  + coupler  mtnnsicj  losses 
= .V(o L -t-  2Lc  + Lftr u + L,)  -aL  - IL^  + 2LUp  (12-1 2) 

The  last  expression  shows  that  the  losses  (in  decibels)  of  the  linear  bus  increase 
linearly  with  the  number  of  stations  N. 

IB  Example  12-1.  Let  us  compare  the  power  budgets  of  three  linear  buses,  having  5.  10, 
and  50  stations,  respectively.  Assume  that  Cj  — 10 percent,  so  that  = lOdB  anil 
Lfrn  ■=  0.9  dB  Let  L,  — 0.5  dB  and  I,  = 1.0  dB  If  the  stations  are  relatively  close 
together,  say  500  m.  os  they  might  be  in  a LAN.  then  for  an  attenuation  of  0.4  ilB 
km  at  1 300  nm  the  fiber  low  is  0,2  dB  Using  Fq  (12-12).  the  power  budgets  for  thcic 
three  cases  can  be  calculated  using  the  tabular  method  shown  in  Table  12-1.  For 
actual  calculations,  it  is  best  to  use  a spreadsheet  on  a computer 


TABLE  12-1 

Comparison  of  the  power  budgets  of  three  linear  buses  that  have  S.  10.  and  50 
stations,  respectively 


( aiipimg/los*  factor 

Lm 

expression 

lass  (dB) 

laws  for 
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Losses  for 
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Losses  for 
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Source  connector 

Eq  (12-21 

10 

to 

10 

1.0 

Coupling  Hap)  loss 

Eq  112-3) 

2 * 10.0 
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Couplcr  io-fibcr  low 

Fq  (12-2) 

2(.V  -l)«  1.0 

B.O 

IB  0 

98.0 

Fiber  toss  (500  m) 

Eq  ( 12-6) 

(.V-  l)«Q_2 

OR 

LI 

9.1 

Coupler  throughput 

Eq  (12-4) 
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27 
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Intrinsic  coupler  loss 

Eq  (12-5) 

(V  x 0.5 

25 
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Receiver  connector 

Eq  (12-2) 

10 
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1.0 

to 

Total  loss  (dB) 

Eq  (12-12) 

36.0 

540 

1980 
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Total  lost  as  a function  of  ilic  numhet  of 
attached  stations  for  linear-bus  and  star 
architectures. 


The  lotal  loss  values  given  in  Table  12-1  arc  plotted  tn  Fig.  1 2-4.  which 
shows  that  the  loss  (in  dB)  increases  linearly  with  the  number  of  stations 

Example  12-2.  Far  the  applications  given  in  Example  12-1.  suppose  that  for  imple- 
menting a lO-Mb's  bus  we  have  a choice  of  an  LED  I ha  I emits  —10  dBm  or  u laser 
diode  capable  of  emitting  + 3 dBm  of  optical  power  from  a fiber  flylcad  At  the 
destination,  assume  we  have  an  APD  receiver  with  a sensitivity  of  -48  dBm  at  10 
Mb's  in  the  I J00-nm  window.  In  the  t.ED  case,  the  power  loss  allowed  between  the 
source  and  the  receiver  is  38  dB  As  shown  in  Fig.  12-4.  this  allows  up  to  5 stations 
on  the  bus  For  the  laser  diode  source,  we  have  an  additional  1 3 dB  of  margin,  so  for 
this  example  we  cun  have  a maximum  of  8 stations  connected  to  the  bus. 


DYNAMIC  RANGE.  Owing  to  the  serial  nature  of  the  linear  bus.  the  optical 
power  available  at  a particular  node  decreases  with  increasing  distance  from  the 
source  Thus,  a performance  quantity  of  interest  is  the  system  dynamic  range. 
This  is  the  maximum  optical  power  range  to  which  any  detector  must  be  able  to 
respond.  The  worst -ease  dynumic  range  (DR)  is  found  from  the  ratio  of  Eq.  (12-7) 
to  Eq.  (12-11): 


DR  = 10  log 


m- 


10  log 


Mo(l-F.):(l— Cr>:<  I- Fi)|v'J 
(Af  - ZKoL  + lLt  + Lthn»  + /-.) 


(12-13) 


For  example,  this  could  be  the  difference  in  power  levels  received  at  station  N 
from  station  (W  - I)  and  from  station  I (i.c.,  P|j  = /\-i  v). 


Example  12-3.  Consider  the  linear  buses  described  in  Example  12-1  For  V — 5. 
from  Eq  (12-13)  liic  dynamic  range  is 


DR  = 3(02  + 2(1  0)  + 0.9  + 0.5]dB  = IO,8dB 


4Mi 
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For  N = 10  stations. 

DR  = 8[Q.  2 +2(1.0) + 0,9  + 0 5JdB  = 28  8dB 


12.1.3  Performance  of  Slar  Architectures 


To  see  how  a slar  coupler  can  be  applied  to  a given  network,  let  us  examine  the 
various  optical  power  losses  associated  with  the  coupler  Section  10.2.4  gives  the 
details  of  how  an  individual  slar  coupler  works.  As  a quick  review,  the  excess  loss 
is  defined  as  the  ratio  of  the  input  power  to  the  total  output  power.  That  is,  it  is 
the  fruction  of  power  lost  in  the  process  of  coupling  light  from  the  input  port  to  all 
the  output  ports  From  Eq.  (10*25),  for  a single  input  power  Pin  and  N output 
powers,  the  excess  loss  in  decibels  is  given  by 


Fiber  star  excess  loss  = / = 10  log 


. 51  nul  l 

v-i 


(12-14) 


In  an  ideal  star  coupler  the  optical  power  from  any  input  is  evenly  divided 
among  the  output  ports.  The  total  loss  of  the  device  consists  of  its  splitting  loss 
plus  the  excess  loss  in  each  path  through  the  star  The  splitting  loss  is  given  in 
decibels  by 


Splitting  loss  = /- ipin  = —10  log 


10  log  .V 


(12-15) 


To  find  the  power-balance  equation,  we  use  the  following  parameters 

• P.s  is  the  fiber-coupled  output  power  from  a source  in  dBm 

• is  the  minimum  optical  power  in  dBm  required  at  the  receiver  to  achieve  a 
specific  bit-error  rate 

• cr  is  the  fiber  attenuation 

• All  stations  arc  located  at  the  same  distance  L from  the  star  coupler 

• /„  is  the  connector  loss  in  decibels 

Then,  the  power-balance  equation  for  a particular  link  between  two  stations  in  a 
star  network  is 


r*  -Pit  — /*eu* w + 0(21)  + 2Lt  + Up  III 

= + M2/.)  + 2U  + 10  log  N (12-16) 

Here,  wc  have  assumed  connector  losses  at  the  transmitter  and  the  receiver  Thu 
equation  shows  that,  in  contrast  to  a passive  linear  bus.  for  a star  network  the  loss 
increases  much  slower  as  log  N.  Figure  12-4  compares  the  performance  of  the  two 
architectures 
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mm  Kvimplr  12-4.  Consider  two  star  networks  that  have  10  and  50  stations,  respec- 
tively Assume  each  station  is  located  500  m from  the  star  coupler  and  that  the 
fiber  attenuation  is  0.4  dB  km  Assume  the  excess  loss  is  0 75  dB  for  the  10-station 
network  and  I 25  dB  for  the  50-station  network.  Let  the  connector  loss  be  10  dB 
For  V = ID,  from  tiq.  (12-16)  the  power  margin  between  the  transmitter  and  the 
receiver  is 

Ps-f‘*=  10.75  + 0.4(  1 .0)  + 2(1  0)  -H 0 log  1 0| d B ^ l3,2dB 
For  N - 50. 

/*!-/>#=  [1.25  -f  0.4t  1 .0)  + 2(1.0)  + 10 log  50]dB  = 20.6 dB 

Using  the  transmitter  output  and  receiver  sensitivity  values  given  in  Example 
12-2,  we  see  that  an  LED  transmitter  can  easily  accommodate  the  losses  in 
this  50-station  star  network.  In  comparison,  a laser  transmitter  could  not 
even  meci  the  10-station  design  in  a passive  linear  bus 


12.2  SONET/SDH 

With  the  advent  of  fiber  optic  transmission  lines,  the  next  step  in  the  evolution  of 
the  digital  time-di vision-multiplexing  (TDM)  scheme  was  a standard  signal  for- 
mat called  synchronous  optical  network  (SONET*  in  North  America  and  synchro- 
nous liiyilal  hierarchy  (SDH)  in  other  parts  of  the  world.  This  section  addresses 
the  basic  concepts  of  SONET/SDH.  its  optical  interfaces,  and  fundamental  net- 
work implementations.  The  aim  here  is  to  discuss  only  the  physical-layer  aspects 
of  SONET  SDH  as  they  relate  to  optical  transmission  lines  and  optical  networks. 
Topics  such  as  the  detailed  data  format  structure.  SONET/SDH  operating  spec- 
ifications. and  the  relationships  of  switching  methodologies  such  as  asynchronous 
transfer  mode  (ATM  1 with  SONET/SDH  arc  beyond  the  scope  of  this  text  These 
can  be  found  in  numerous  sources,  such  as  those  listed  in  Refs.  13-15. 


12.2.1  Transmission  Formats  and  Speeds 

In  the  mid-1980s,  several  service  providers  in  the  USA  started  efforts  on  devel- 
oping a standard  that  would  allow  network  engineers  to  interconnect  fiber  optic 
transmission  equipment  from  various  vendors  through  multiple-owner  trunking 
networks  This  soon  grew  into  an  international  activity,  which,  after  many  differ- 
ences of  opinion  of  implementation  philosophy  were  resolved,  resulted  in  u senes 
of  ANSI  Tl  105  standards16  for  SONET  and  a scries  of  ITU-T  recommendations 
for  SDH  1 Of  particular  interest  here  are  the  ANSI  Tl  105.06  standard  and  the 
ITU-T  G 957  recommendation.  Although  there  are  some  implementation  differ- 
ences between  SONET  and  SDH.  all  SONET  specifications  conform  to  the  SDH 
recommendations. 

Figure  12-5  shows  the  basic  structure  of  a SONET  frame.  This  is  a two- 
dimensional  structure  consisting  of  90  columns  by  9 rows  of  bytes,  where  one  byte 
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90  Columns  of  byles 


9 Rows 
of  bytes 


Section 

uul 

line 

overload 


J Columns 


Synchronous 
payload 
envelope  (SPE) 


I Column 


H7  Columns 


FICt  Rl£  12-5 

Basic  structure  of  an  STS- 1 SONET  frame 


is  eight  bits.  Here,  in  standard  SONET  terminolog>.  a section  connects  adjacent 
pieces  of  equipment,  a tine  is  a longer  link  that  connects  two  SONET  devices,  and 
a path  is  a complete  end-to-end  connection  The  fundamental  SONET  frame  has  a 
125-ms  duration.  Thus,  the  transmission  hit  rate  of  the  baste  SONET  signal  is 

STS- 1 =(90  bytes 'row)(9  rows/framc)(8  bits .bytc)/(  1 25  Ms/framc)  = 51  84  Mb'* 

This  is  called  an  STS- 1 signal,  where  STS  stunds  for  synchronous  transport  signal. 
All  other  SONET  signals  arc  integer  multiples  of  this  rate,  so  that  an  STS- A'  signal 
has  a bit  rate  equal  to  Ar  times  51.84  Mb/s.  When  an  STS-A’  signal  is  used  to 
modulate  an  optical  source,  the  logical  STS-S  signal  is  first  scrambled  to  avoid 
long  strings  of  ones  and  zeros  and  to  allow  easier  clock  recovery  at  the  receiver. 
After  undergoing  cleclricul-to-optical  conversion,  the  resultant  physical- laser  opti- 
cal signal  is  called  OC-.iV.  where  OC  stands  for  optical  carrier.  In  practice,  it  has 
become  common  to  refer  to  SONET  links  as  OC-Ar  links.  Algorithms  huve  been 
developed  for  values  of  N ranging  between  1 und  255.  However,  in  the  range  from 
1 to  192,  the  ANSI  Til 05  standard  recognizes  only  the  values  N = 
1.3. 12.24.48.  and  192. 

In  SDH  the  basic  rate  is  equivalent  to  STS-3,  or  155.52  Mb.s.  This  is  called 
the  synchronous  transport  module — level  I (STM-1)  Higher  rates  are  designated 
by  STM-A/  (Note:  Although  the  SDH  standard  uses  the  notation  "STM-A'.” 
here  we  use  the  designation  “S'TM-Af*  to  avoid  confusion  when  comparing 
SDH  and  SONET  rates,)  Values  of  M supported  by  the  ITU-T  recommendations 
are  M = 1.4.  16.  und  64  These  arc  equivalent  to  SONET  OC-A/  signals,  where 
N = 3 A/  (i.e..  N = 3.  12,48.  and  192)  This  shows  that,  in  pructice.  to  maintain 
compatibility  betwen  SONET  and  SDH.  V is  a multiple  of  three  Analogous  to 
SONET.  SDH  first  scrambles  the  logical  signal  In  contrast  to  SONET.  SDH  does 
not  distinguish  between  a logical  electrical  signal  (e  g..  STS-A/  in  SONET)  and  a 
physical  optical  signal  (e  g..  OC-A/),  so  that  both  signal  types  are  designated  by 
STM-A/.  Table  12-2  lists  commonly  used  values  of  OC'-Ar  and  STM-A/ 
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TABU  12-2 

Commonly  used  SONET  and  SDH  iransmivsion  rates 


SONFT  ln*l 

FJcctrical  Irrrl 

Line  rate  (Mb/«l 

SUM  tqniialenl 

OC-I 

STS-I 

$184 

— 

OC-J 

STS-} 

155  52 

STM-I 

OC-12 

STS-12 

622.0* 

STM -4 

OC-24 

STS-24 

1244.16 

STM-8 

0C-4H 

STS-48 

2488.32 

STM-16 

oc-% 

STS-96 

4976  64 

STM-32 

OC-192 

STS- 192 

9953  2* 

STM-64 

Referring  to  Fig  12-5.  the  first  three  columns  comprise  trunsport  overhead 
bytes  that  carry  network  management  information  The  remaining  field  of  87 
columns  is  called  Ihc  synchronous  payload  envelope  (SPE)  and  carries  user  data 
plus  nine  bytes  of  path  overhead  (POH)  The  POH  supports  performance  mon- 
itoring by  the  end  equipment,  status,  signal  labeling,  a tracing  function,  and  a user 
channel  The  nine  path-overhead  bytes  are  always  in  a column  and  can  be  located 
anywhere  in  the  SPE  An  important  point  to  note  is  that  the  synchronous  byte- 
interleaved  multiplexing  in  SONET, SDH  (unlike  the  asynchronous  bit  interleav- 
ing used  in  earlier  TDM  standards)  facilitates  add/drop  multiplexing  of  informa- 
tion channels  in  optical  networks  (see  See  12.2.4) 

For  values  of  N greater  than  I.  the  columns  of  the  frame  become  N limes 
wider,  with  the  number  of  rows  remaining  at  nine,  as  shown  in  Fig  12-6.  Thus,  an 
STS-3  (or  STM-I)  frame  is  270  columns  wide  with  the  first  nine  columns  contain- 
ing overhead  information  and  the  next  261  columns  being  payload  data.  The  line 
and  section  overhead  bytes  differ  somewhat  between  SONET  and  SDH.  so  that  a 
translation  mechanism  is  needed  to  interconnect  them  To  obtain  further  details 
on  the  contents  of  the  frame  structure  and  the  population  schemes  for  the  payload 
field,  the  reader  is  referred  to  the  SONET  and  SDH  specifications.1"  1 

VO  * V Column* 


Column*  s « 

87  * S Column* 

FIGURE  12-6 

Bane  format  of  un  STS- H SONFT  frame 
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12.2.2  Optical  Interfaces 

To  ensure  interconnection  compatibility  between  equipment  from  different  man- 
ufacturers, the  SONET  and  SDH  specifications  provide  details  for  the  optical 
source  characteristics,  the  receiver  sensitivity,  and  transmission  distances  for  var- 
ious types  of  fibers.  Six  transmission  ranges  arc  defined,  with  different  terminol- 
ogy for  SONET  and  SDH.  as  Table  12-3  indicates. 

The  optical  fibers  specified  in  ANSI  Tl  105.06  und  ITU-T  G 957  fall  into 
the  following  three  categories  and  operational  windows: 

1.  Graded-index  multimode  in  the  1310-nm  window 

2.  Conventional  non-dispersion-shifted  single-mode  in  the  1310-run  and  1550- 
nm  windows 

3.  Dispersion-shifted  single-mode  in  the  1550-nm  window. 

Table  12-4  shows  the  wavelength  ranges  and  attenuations  specified  in  these  fibers 
for  transmission  distances  up  to  80  lon.|,J 

Depending  on  the  attenuation  and  dispersion  characteristics  for  each  hier- 
archical level  shown  in  Table  12-4.  feasible  optical  sources  include  light-emitting 
diodes  (LEDs),  multilongttudinal  mode  (MLM)  lasers,  and  single-longitudinal 
mode  (SLM)  lasers.  Of  the  various  spectral  characteristics  of  the  optical  sources 
detailed  in  ANSI  Tl.  105.06  and  ITU-T  G.957,  only  the  launchcd-powcr  rungc  is 
given  here.  These  powers  are  listed  in  Table  12-5  for  transmissions  rates  up  to  OC- 
48  or  STM-16  (2.5  Gb/s).  The  system  objective  is  to  achieve  a bit-error  rate  (BERi 
of  less  than  IQ"10  for  rales  less  than  1 Gb/s  and  10  i:  for  higher  rates  and/or 
higher-performance  systems,  This  performance  is  with  u link  power  penalty  of  less 
than  I dB 

The  specified  receiver  sensitivities  are  the  worst-case,  end-of-life  values 
They  arc  defined  as  the  minimum-acceptable,  average,  received  power  needed 
to  achieve  a 10~,u  BER  The  values  take  into  account  extinction  ratio,  pulse 
rise  and  fall  times,  optical  return  loss  at  the  source,  receiver  connector  dcgnida- 


lABLfc  12-3 

Transmission  distances  and  their  SONET  and  SDH  designations  for  long-haul,  very 
long  haul,  and  ullralong-haiil  distances;  the  fiber  types  are  specified  by  I I I -T 
G.652,  G.653.  and  G.655.  respectively  (see  Ref.  17) 
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I ABLE  12-4 

Wavelength  ranges  and  fiber  attenuation  for  transmission  distances  up  to  HO  km 


Traawntainn 

dtotanrr 

1.110-om  nladuH 

1550-um  window 

Mtiauudon  *• 
1311)  nm 

Allrmutiiin  a l 
1550  mn 

5 15  kin 

1260  1360  nm 

1430- 1 580  nm 

3 5 dB/km 

Nol  specified 

<40  km 

1260  1360  am 

1430  1580  nm 

0.8  dB  km 

0.5  dB/km 

<80  km 

1280-1335  am 

1480  1580  run 

0.5  dB  km 

03  dB/km 

lions,  und  measurement  tolerances.  The  receiver  sensitivity  does  not  include 
power  penalties  associated  with  dispersion,  jitter,  or  reflections  from  the  optical 
path,  since  these  are  included  in  the  maximum  optical  path  penalty.  Table  12-5 
lists  the  receiver  sensitivities  for  various  link  configurations  up  through  long-haul 
distances  (80  km). 

Longer  transmission  distances  arc  possible  using  higher-power  lasers  To- 
comply  with  eye-safety  standards,  an  upper  limit  is  imposed  on  fiber-coupled 
powers.  If  the  maximum  total  output  power  (including  ASE)  is  set  at  the  Class- 
3A  laser  limit  of  + 17  dBm.  then  for  ITU-T  G.655  fiber  this  allows  transmission 
distances  of  160  km  for  u single-channel  link. 

In  a WDM  link,  as  the  number  of  channels  increases,  the  maximum  trans- 
mission distance  decreases,  since  the  allowed  power  per  channel  becomes  lower 
The  ITU-T  Recommendation  G.692  describes  these  conditions. 1 7 This  recommen- 
dation defines  interface  parameters  for  systems  of  4.  8,  and  16  channels  operating 
at  hit  rates  of  up  to  OC-4H/STM-I6.  The  specified  fibers  arc  described  by  ITU-T 
Recommendations  G.652,  G.653,  and  G.655  with  nominal  span  lengths  of  80. 
120,  and  160  km.  respectively  (Note:  This  is  an  evolving  recommendation,  with 
32  and  higher  channel  numbers.  OC-I92/STM-64  rates,  and  bidirectional  trans- 
mission aspects  being  under  consideration.)  Using  the  -+  17-dBm  total  power 
limit,  the  maximum  nominal  optical  powers  per  chunncl  will  be  as  shown  in 
Table  12-6  (sec  ITU-T  Recommendation  G.692). 

TABLE  12-5 

Source  output  range  and  receiver  sensitivity  for  various  rates  and  distances  up  to 
80  km  (see  Ref.  I7<f) 


Onunee 

SONET  rale 

SDH  rale 

Scorer  output 
range  (dBm) 

Receiver  wmitlvlt? 

(dBm) 

< 15  km 

OC-3 

STM-1 

-15  to  -8 

-23 

OC-12 

STM-t 

-15  to  -8 

-23 

OC-48 

STM- 16 

-10  to  -3 

-II 

< 40  km 

OC-3 

STM-I 

-»5  to  -8 

-28 

OC-12 

STM-4 

-15  to  -8 

-28 

OC-48 

STM-16 

-5  to  0 

-18 

< 80  km 

OC-3 

STM-I 

—5  lo  0 

-34 

OC-12 

STM  -4 

-3  to  +2 

-28 

OC-48 

STM-16 

-2  lo  v-3 

-27 
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TABLE  I2-+ 

Maximum  nominal  optical  power  per  wavelength  channel  based  on  the 
total  optical  power  being  +17  dBm  (see  ITl'-T  Recommendation 
G.692,  Oct.  im  Ref.  17/) 


Number  tit  wivelragtlB  (channel*) 

Nominal  power  per  c tunnel  Id  Urn) 

| 

170 

2 

140 

3 

02 

4 

no 

5 

10.0 

6 

9.2 

7 

R.S 

X 

M 

12.2.3  SONET/SDH  Rings 

A key  characteristic  of  SONET  and  SDH  is  that  they  are  usually  configured  as  a 
ring  architecture  This  is  done  to  create  loop  diversity  for  uninterrupted  service 
protection  purposes  in  case  of  link  or  equipment  failures  The  SONET/SDH  rings 
arc  commonly  called  i elf-heahng  rings,  since  the  traffic  flowing  along  a certain 
path  can  automatically  be  switched  to  an  alternate  or  standby  path  following 
failure  or  degradation  of  the  link  segment 

Three  main  features,  each  with  two  alternatives,  classify  all  SONET  SDH 
rings,  thus  yielding  eight  possible  combinations  of  nng  types  First,  there  can  be 
either  two  or  four  fibers  running  between  the  nodes  on  a ring.  Second,  the  oper- 
ating signals  can  travel  cither  clockwise  only  (which  is  termed  a unidirectional 
ring ) or  in  both  directions  around  the  ring  (which  is  called  a bidirectional  ring). 
Third,  protection  switching  can  be  performed  cither  via  a line-switching  or  a path- 
switching scheme.11^  21  Upon  link  failure  or  degradation,  line  switching  moves  all 
signal  channels  of  an  entire  OC-/V  channel  to  a protection  fiber.  Conversely,  path 
switching  can  move  individual  payload  channels  within  an  OC-/V  channel  (c.g..  an 
STS-I  subchannel  in  an  OC-12  channel)  to  another  path 

Of  the  eight  possible  combinations  of  ring  types,  the  following  two  archi- 
tectures have  become  popular  for  SONET  and  SDH  networks'. 

• two-fiber,  unidirectional,  path-s-witched  ring  (two-fiber  UPSR). 

• two-fiber  or  four-fiber,  bidirectional,  line-switched  ring  (two-fiber  or  four-fiber 
BLSR). 

The  common  abbreviations  of  these  configurations  arc  given  in  parentheses.  They 
are  also  referred  to  as  unidirectional  or  bidirectional  self-healing  rings  (USHRj  or 
RSHRs),  respectively. 

Figure  12-7  shows  a two-fiber  unidirectional  path-switched  ring  network  By 
convention,  in  a unidirectional  ring  the  normal  working  traffic  travels  clockwise 
around  the  nng,  on  the  primary  path.  For  example,  the  connection  from  node  I to 
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(ok  Generic  two-fiber  unidirectional  net- 
work with  a counter  mutiny  protection 
path,  (ft)  How  of  primary  and  protection 
traffic  from  node  I to  node  1 


node  3 uses  links  I .tnd  2,  whereas  the  traffic  from  node  3 to  node  I traverses  links 
3 and  4 Thus,  two  communicating  nodes  use  a specific  bandwidth  capacity 
around  the  entire  perimeter  of  the  ring  If  nodes  I and  3 exchange  information 
at  an  OC-3  rate  in  an  OC-12  ring,  then  they  use  onc-quartcr  of  the  capacity 
around  the  ring  on  all  the  primary  links.  In  a unidirectional  ring  the  counter- 
clockwise path  is  used  as  an  alternate  route  for  protection  against  link  or  node 
failures  This  protection  path  (links  5-8)  is  indicated  by  dashed  lines  To  achieve 
protection,  the  signal  from  a transmitting  node  is  dual-fed  into  both  the  primary 
and  protection  fibers.  This  establishes  a designated  protection  path  on  which 
traffic  Hows  counterclockwise,  namely,  from  node  I to  node  3 via  links  5 and 
6,  as  shown  in  Fig.  12-7. 
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Consequently,  two  identical  signals  from  a particular  node  arrive  at  their 
destination  from  opposite  directions,  usually  with  different  delays,  as  denoted  in 
Fig.  \2-lb.  The  receiver  normally  selects  the  signal  from  the  primary  path. 
However,  it  continuously  compares  the  fidelity  of  each  signal  and  chooses  the 
alternate  signal  in  case  of  severe  degradation  or  loss  of  the  primary  signal.  Thus, 
each  path  is  individually  switched  based  on  the  quality  of  the  received  signal  For 
example,  if  path  2 breaks  or  equipment  in  node  2 fails,  then  node  3 will  switch  to 
the  protection  channel  to  receive  signals  from  node  1 

Figure  12-8  illustrates  the  architecture  of  a four-fiber  bidirectional  line- 
switched  ring.  Here,  two  primary  fiber  loops  (with  fiber  segments  labeled  Ip 
through  8p»  are  used  for  normal  bidirectional  communication,  and  the  other 
two  secondary  fiber  loops  are  standby  links  for  protection  purposes  (with  fiber 
segments  labeled  Is  through  8s).  In  contrast  to  the  two-fiber  UPSR,  the  four-fiber 
bLSK  has  a capacity  advantage  since  it  uses  twice  as  much  fiber  cabling  and 
because  traffic  between  two  nodes  is  sent  only  partially  around  the  ring  To  see 
this,  consider  the  connection  between  nodes  I and  3.  The  traffic  from  node  I to 
node  3 flows  in  a clockwise  direction  along  links  Ip  and  2p.  Now,  however,  in  the 
return  path  the  traffic  flows  counterclockwise  from  node  3 to  node  I along  links 
7p  and  8p  Thus,  the  information  exchange  between  nodes  I and  3 does  not  tic  up 
any  of  the  primary  channel  bandwidth  in  the  other  half  of  the  ring 

To  see  the  function  and  versatility  of  the  standby  links  in  the  four-fiber 
BLSR.  consider  first  the  case  where  a transmitter  or  receiver  circuit  card  used 
on  the  primary  ring  fails  in  either  node  3 or  4.  In  this  situation,  the  affected  nodes 
detect  a loss-of-signal  condition  and  switch  both  primary  fibers  connecting  them 
to  the  secondary  protection  pair,  us  shown  m Figure  12-9  The  protection  segment 
between  nodes  1 and  4 now  becomes  part  of  the  primary  bidirectional  loop.  The 
exact  same  reconfiguration  scenario  will  occur  when  the  primary  fiber  connecting 
nodes  1 and  4 breaks  Note  that  in  either  case  the  other  links  remain  unaffected. 

Now  suppose  an  entire  node  fails,  or  both  the  primary  and  the  protection 
fibers  in  a given  span  are  severed,  which  could  happen  if  they  are  in  the  same  cable 
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Architecture  of  a four-fiber  bidirectional 
line-switched  ring  (HI. SR  i 
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Reconfiguration  of  a four  fiber  HI  SR  under  tranrceiver  or  line  failure 


duct  between  two  nodes  In  this  case,  the  nodes  on  cither  side  of  the  foiled  inter- 
nodal  span  internally  switch  the  primary-path  connections  from  their  receivers 
and  transmitters  to  the  protection  fibers,  in  order  to  loop  traffic  back  to  the 
previous  node.  This  process  again  forms  a closed  ring,  but  now  with  all  of 
the  primary  und  protection  fibers  in  use  around  the  entire  ring,  as  shown  in 
Fig.  12-10. 


12.2.4  SONET/SDH  Networks 

Commercially  available  SONET'SDH  equipment  allows  the  configuration  of  a 
variety  of  network  architectures,  as  shown  in  Fig.  12-11  For  example,  one  can 
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Rtcotifiiuration  of  a Tow 'fiber  BLSR  under  node  or  fiber  -cubic  failure. 
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Generic  configuration  of  a large  SONET  network  comiulng  of  linear  chain*  am)  vunoui  type*  of 
interconnected  ring* 


build  point-to-point  links,  linear  chums,  unidirectional  path-switched  rings 
(UPSR).  bidirectional  line-switched  rings  (Bl.SR),  and  interconnected  rings. 
The  OC-192  four-fiber  BLSR  could  be  a large  national  backbone  network  with 
u number  of  OC-48  rings  attached  in  different  cities.  The  OC-48  rings  can  have 
lower-capacity  localized  OC-12  or  OC-3  rings  or  chains  attached  to  them,  thereby 
providing  the  possibility  of  attaching  equipment  that  has  an  extremely  wide  range 
of  rates  and  sizes.  Each  of  the  individual  rings  has  its  own  failure-recovery 
mechanism  and  SONET  SDH  network  management  procedures. 

An  important  SONET  SDH  network  element  is  the  addjdrop  multiplexer 
(ADM).JJ  This  piece  of  equipment  is  a fully  synchronous,  byte-oriented  multi- 
plexer that  is  used  to  add  and  drop  subchannels  within  an  OC-N  signal  Figure 
12-12  shows  the  functional  concept  of  an  ADM  Here,  various  OC- 12s  and  OC-3s 
arc  multiplexed  into  an  OC-48  stream.  Upon  entering  an  ADM.  these  subchannels 
can  be  individually  dropped  by  the  ADM  and  others  can  be  added  For  example. 


Added  and  dropped  channel* 


OC-12  path 

OC-3  path 


FIGCRE  12-12 

Functional  concept  ol  an  add  drop  multiplexer  for  SONET  application* 
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Dciuc  WDM  deployment  of  « wavelengths  in  an  OC-19?  truni  ring. 


in  Fig.  12-12.  one  OC-12  and  two  OC-3  channels  enter  the  left-most  ADM  as  part 
of  an  OC-48  channel  The  OC-12  is  passed  through  and  the  two  OC-3s  arc 
dropped  by  the  first  ADM  Then,  two  more  OC-12s  and  one  OC-3  arc  multi- 
plexed together  with  the  OC-12  channel  that  is  passing  through  and  the  aggregate 
(partially  filled)  OC-48  is  sent  to  another  ADM  node  downstream 

The  SONET/SDH  architectures  can  ulso  be  implemented  with  multiple 
wavelengths  For  example.  Fig.  12-13  shows  a dense  WDM  deployment  on  an 
OC-192  trunk  ring  for  n wavelengths  (e.g..  one  could  have  n = 16).  The  different 
wavelength  outputs  from  each  OC-192  transmitter  arc  passed  first  through  a 
variable  attenuator  to  equalize  the  output  powers.  These  are  then  fed  into  a 
wavelength  multiplexer,  possibly  amplified  by  a post-transmitter  optical  amplifier, 
and  sent  out  over  the  transmission  fiber  Additional  optical  amplifiers  might  be 
located  at  intermediate  points  and/or  at  the  receiving  end. 


12.3  BROADCAST-AND-SELECT  WDM 
NETWORKS 

As  another  step  toward  realizing  the  full  potential  of  optical  fiber  transmission 
capacity,  researchers  have  looked  at  all-optical  WDM  networks  to  extend  the 
versatility  of  communication  networks  beyond  architectures  such  as  those  pro- 
vided by  SONET.  These  networks  con  be  classified  .is  either  hrotuicast-and-selecl 
or  wavelenglh-routing  networks  In  general,  broadcast -and-sclcct  techniques 
employing  passive  optical  stars,  buses,  or  wavelength  routers  arc  used  for  local 
network  applications,  whereas  active  optical  components  form  the  basis  for 
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constructing  wide-area  wavelength-routing  networks.  This  section  addresses 
broudcast-and-selcct  networks;  section  12.4  discusses  wavelength-routing  archi- 
tectures. Broadcast-and-select  networks  cun  be  categorized  us  single-hop  or  multi- 
hop  networks  Single-hop  refers  to  networks  where  information  transmitted  in  the 
form  of  light  reaches  its  destination  without  being  converted  to  an  electrical  form 
at  any  intermediate  point.  On  the  other  hand,  intermediate  electro-optical 
conversion  can  occur  in  a multihop  network. 

12.3.1  Broadcast-and-Sdecl  Single-Hop 
Networks 

Figure  12-14  shows  two  alternate  physical  architectures  for  a WDM-based  local 
network.  Here.  N sets  of  transmitters  and  receivers  are  attached  to  either  a star 
coupler  or  a passive  bus.  Each  transmitter  sends  its  information  at  a different 
fixed  wavelength  All  the  transmissions  from  the  various  nodes  arc  combined 
in  a pussivc  star  coupler  or  coupled  onto  a bus  and  the  result  is  sent  out  to  all 
receivers. 

Each  receiver  sees  all  wavelengths  and  uses  a tunable  filter  to  select  the  one 
wavelength  addressed  to  it.  In  addition  to  point-to-point  links,  this  configuration 
can  also  support  multicast  or  broadcast  services,  where  one  transmitter  sends  the 
same  information  to  several  nodes  Figure  12-15  illustrates  this  concept  for  a star 
network.  Workstations  at  nodes  4 and  2 communicate  using  aj.  whereas  a user  at 
node  1 broadcasts  information  to  workstations  at  nodes  f and  5 using  A|  The 
same  concepts  are  applicable  to  bus  structures,  although  the  losses  encountered  in 
the  star  and  bas  architectures  are  different. 

An  interesting  point  to  note  is  that  the  WDM  setup  in  Fig  12-15  is  protocol 
transparent . This  means  that  different  sets  of  communicating  nodes  can  use  dif- 
ferent information-exchange  rules  (protocols)  without  affecting  the  other  nodes  in 
the  network  This  is  analogous  to  standard  timc-division-multiplexcd  telephone 
lines  in  which  voice,  data,  or  facsimile  services  are  sent  in  different  time  slots 
without  interfering  with  each  other  However,  here  the  rates  differ  widely. 
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FIGURE  12-14 

Two  alternate  phvtical  architecture*  for  a WDM-baaed  local  network:  (a)  *tar,  (A)  bm 
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FIGURE  12-15 

Architecture  of  a tingichop  broadcast -ind • select  network 


Although  the  architectures  of  single-hop  brnadcast-iind-sclcct  networks  are 
fairly  simple,  there  needs  to  he  careful  dynamic  coordination  between  the  nodes 
Forexumple.  if  the  network  is  set  up  so  that  a transmitter  sends  its  information  at 
a unique  fixed  wavelength,  then  the  destined  receiver  needs  to  be  informed  when  a 
message  is  being  sent  to  it.  so  that  it  can  tunc  its  selective  filler  to  that  wavelength 
Also,  conflicts  need  to  be  resolved  in  cases  where  two  stations  transmitting  at 
different  wavelengths  want  to  send  information  to  the  same  recipient  simul- 
taneously 

Alternatively,  if  a node  received  at  u fixed  wavelength  and  the  transmitter  is 
tunable  to  different  wavelengths,  then  two  sending  stations  need  to  coordinate 
their  transmissions  so  that  collisions  of  information  streams  at  the  same  wave- 
length do  not  occur  More  details  of  this  are  beyond  the  scope  of  the  discussion  in 
this  text,  but  can  be  found  in  the  literature  ' * 2' 


12.3.2  Broadcast -and-Selcct  Multihop  Networks 

A drawback  of  single-hop  networks  is  the  need  for  rapidly  tunable  lasers  or 
receiver  optical  filters.  The  designs  of  multihop  networks  avoid  this  need 
Multihop  networks  generally  do  not  have  direct  paths  between  each  node  pair 
Each  node  has  a small  number  of  fixed-tuned  optical  transmitters  and  receivers. 
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Figure  12-16  shows  an  example  of  n four-node  broadcast-and-sclect  multihop 
network  where  each  node  transmits  on  one  set  of  two  fixed  wavelengths  and 
receives  on  another  set  of  two  fixed  wavelengths.  Stations  can  send  information 
directly  only  to  those  nodes  that  have  a receiver  tuned  to  one  of  the  two  transmit 
wavelengths  Information  destined  for  other  nodes  will  have  to  be  routed  through 
intermediate  stations. 

To  visualize  this  operation,  consider  a very  simplified  transmission  scheme 
in  which  messages  arc  sent  as  packets  with  a data  field  and  an  address  header 
containing  source  and  destination  identifiers  (i.e.,  routing  information)  together 
with  other  control  bits,  as  shown  in  Fig.  12-17.  At  each  intermediate  node,  the 
optical  signal  is  converted  to  an  electrical  format,  and  the  address  header  is 
decoded  to  examine  the  routing  information  field,  which  will  indicate  where  the 
packet  should  go  Using  this  routing  information,  the  packet  is  then  switched 
electronically  to  the  specific  optical  transmitter  that  will  appropriately  direct 
the  packet  to  the  next  node  in  the  logical  path  toward  its  final  destination 

The  flow  of  traffic  can  be  seen  from  Fig.  12-16.  If  node  I wants  to  send  a 
message  to  node  2.  it  first  transmits  the  message  to  node  3 using  kt . Then  node  3 
forwards  the  messugc  to  node  2 using  In  contrast  to  single-hop  networks,  with 
this  scheme  there  are  no  destination  conflicts  or  packet  collisions  in  the  network, 
since  each  wavelength  channel  is  dedicated  to  a particular  source-destination  link 
However,  for  H hops  between  nodes,  there  is  a network  throughput  penalty  of  at 
least  I///. 


12.3.3  Tire  ShuffleNct  Multihop  Network 

Various  topologies  have  been  suggested  for  muJlihop  lighlwuvc  networks.  Among 
these  are  the  ShuffleNct  graph,-’4  y’  the  dc  Bruijn  graph.'  and  the  toroidal 
Manhattan  Street  Network.3*  Here,  we  will  cousider  the  ShuffleNct  as  on  ex- 
ample. 

A scheme  called  the  perfect  shuffle  is  widely  used  to  form  processor-inter- 
connect patterns  in  multiprocessors.3'  For  optical  networks,  the  extension  of  this 
to  the  logical  configuration  consists  of  a cylindrical  arrangement  of  k columns, 
each  having  />*  nodes,  where  p is  the  number  of  fixed  transceiver  pairs  per  node 
The  total  number  of  nodes  is  then 

N = kp*  (12-17) 


FIGURE  12-16 

Architecture  and  traffic  flow  of  a multihop  btnad- 
caM-and-tclcrl  network  (Reproduced  with  permit- 
won  from  Rumaswami.14*  C IEEE.  IWJ  ) 
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Information  packet 


not  rf  ii-n 

Simple  repfrsenUtion  of  the  fields  contained  in  a data  packet 


with  A = I.  2.  3,  . . . and  p = I,  2,  3.  Given  that  each  node  requite*  p wave- 
length* to  transmit  information,  the  tolul  number  of  wavelengths  N.  needed  in  the 
network  is 

NK=pN  = k/t+'  (12-18) 

Figure  12-18  illustrates  a (p.  A)  = (2,2)  ShulTIcNcl,  where  the  (A  + l)th  column 
represent*  the  completion  of  a trip  around  the  cylinder  back  to  the  first  column,  as 
indicated  by  the  return  arrow  In  this  example,  there  are  eight  node*  and  sixteen 
wavelengths. 

An  important  performance  parameter  for  the  ShuflleNct  is  the  average 
number  of  hops  between  any  two  randomly  chosen  nodes  Since  all  node*  have 
p output  wavelength*,  p nodes  can  be  reached  from  any  node  in  one  hop,  p: 
additional  nodes  can  be  reached  in  two  hops,  and  so  on.  until  all  the  ( />*  - I ) 
other  nodes  are  visited.  The  maximum  number  of  hops  is 

//™.  = 2A  - I (12-19) 


As  an  example,  in  Fig.  12-18,  consider  the  connections  between  nodes  | and  5 and 
between  nodes  I and  7 In  the  first  case,  the  hop  number  is  one  In  the  second 
case,  three  hops  arc  needed  with  the  routes  being  either  1-6 — 4-  7 or  I 5 2-7 
In  general,  the  average  number  of  hops  //  of  a ShuffleNet  is*4'” 


A/>*(/>  - 1)(3A  - I)  - 2k(pk  — I) 
2(/>  - IXAp*  - I) 


(12-201 


As  a result  of  multihopping,  only  part  of  the  capacity  of  a particular  link 
directly  connecting  two  nodes  is  actually  utilized  for  carrying  traffic  between 
them  The  rest  of  the  link  capacity  is  used  to  forward  messages  from  other 
node*.  Since  the  system  has  Np  - kpk">  link*,  the  total  network  capacity  C t* 
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FIG  I RF  12-IH 

Logical  inlrrconncctiun  pattern  and  wavelength  assignment  of  a (p,  k)  = (2,  2)  ShuffleNet 


and  ihc  per-uscr  throughput  S is 


P_ 

H 


(12-22) 


Different  ij>.  k ) combinations  result  in  different  throughputs,  so  one  can  make 
some  tradeoffs  among  the  variables  to  get  a better  network  performance  For 
example,  given  that  the  number  of  nodes  is  fixed  at  .V.  one  can  reduce  the  average 
number  of  hops  by  increasing  p (which  decreases  k)  to  boost  the  capacity  and  the 
throughput 


12.4  WAVELENGTH-ROUTED  NETWORKS 

I wo  problems  urise  in  broadcast-and-sclcct  networks  when  trying  to  extend  them 
to  wide-area  networks  First,  more  wavelengths  arc  needed  as  the  number  of 
nodes  in  the  network  grows.  Typically,  there  are  at  least  as  many  wavelengths 
as  there  arc  nodes,  unless  several  nodes  lime-share  a wavelength  (which  has  an 
adverse  impact  on  delay  and  efficiency).  Second,  without  the  widespread  use  of 
optical  booster  amplifiers,  a large  number  of  users  spread  over  a wide  area  cannot 
readily  be  interconnected  with  a broadcast -and -select  network  This  is  because  the 
network  employs  passive  star  couplers  in  which  the  splitting  losses  could  be 
prohibitively  high  for  many  attached  stations 
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figure  12-22 

Achievable  wavelength  utilization  a*  a function  of  the  number  of  wavelength!  for  a 10"  ‘ blocking 
probability  in  a network  uung  wavelength  converiion  (Rcpinduceri  with  pctmiiuon  from  Barry  and 
Humblet."J  . IEEE.  199b  ) 


effect.  Analogous  to  Fig.  12-22,  this  depicts  the  achievable  utilization  p for 
Pf,  = 10  ’ as  a function  of  the  number  of  wavelengths  for  H = 5.  10.  and  20 
hops.  In  contrast  to  the  previous  ease,  here  the  effect  of  path  length  (i.c..  the 
number  of  links)  is  dramatic. 

To  measure  the  benefit  of  wavelength  conversion,  define  the  gain  G — q/p  to 
be  the  increase  in  fiber  or  wavelength  utilization  for  the  same  blocking  probabil- 
ity. Setting  P^  - Pi,  in  Eqs  (12-23)  and  (12-25),  we  have 


FIGURE  12-23 

Achtcvahle  wavelength  utilization 
at  a function  of  the  numher  of 
wavelength*  for  a 10  1 Mucking 
probability  in  n network  not  using 
wavelength  convcrtion  (Reprod- 
uced with  pcrmiiunn  from  Burry 
and  llumblet.M  < IEEE  19%  t 
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FIGURE  11-24 

Incmte  in  network  ulikMtkin  « * 
function  of  the  number  of  wuvtfkngtlu 
for  a I0— * blocking  probability  when 
wavelength  conversion  in  uwi. 
(Reproduced  with  permission  from 
Barry  and  Humblel,  r IEEE,  iv%  I 


r q _ 1 1 -(1  -n)l//*r' 
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As  an  example.  Fig  12-24  shows  0 as  a fundton  of  H = 5,  10,  and  20  links  fora 
blocking  probability  of  P»  = I0'3  This  figure  shows  lhat  as  F increases,  the  gain 
increases,  and  peaks  at  about  H/2  The  gain  then  slowly  decreases,  since  large 
trunking  networks  arc  more  efficient  than  small  ones. 


12.5  NONLINEAR  EFFECTS  ON  NETWORK 
PERFORMANCE 

Optical  fiber  transmission  technology  has  found  widespread  use  tn  networks  of 
diversified  speeds  and  sizes.  A laudable  accomplishment  has  been  to  create  net- 
works that  span  continents  or  oceans  to  interconnect  communication  assets  in 
major  urban  ureas  Important  challenges  in  designing  such  networks  include  the 
following: 

• Transmission  of  the  different  wavelength  channels  at  the  highest  possible  bit 
rate. 

• Transmission  over  the  longest  possible  distance  with  the  smallest  number  of 
optical  amplifiers. 

• Network  architectures  that  allow  simple  and  efficient  network  operation,  con- 
trol. and  management. 

To  meet  these  challenges,  careful  design  practices  must  be  followed,  since 
various  signal-impairment  effects  that  arc  inherent  in  optical  fiber  transmission 
links  can  seriously  degrade  network  performance  The  following  are  among  these 
effects  47  55 
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1.  Group  velocity  dispersion  (GVD).  which  limits  the  bit  rate  by  temporally 
spreading  a transmitted  optical  pulse.  Whether  one  implements  high-speed 
single-wavelength  or  WDM  networks,  dispersion-induced  pulse  spreading 
can  be  minimized  by  operation  in  a low -dispersion  window.  This  is  the 
!3IO-nm  band  for  standard  fiber  and  the  1550-nm  window  for  dispersion- 
shifted  fiber. 

2.  Nonuniform  gain  across  the  desired  wavelength  rungc  of  EDFAs  in  WDM 
links  This  characteristic  of  an  EDFA  can  be  equalized  over  the  desired 
wavelength  range  by  techniques  such  as  the  use  of  grating  filters,  as  described 
in  Chap.  II. 

3.  Polanzation-modc  dispersion  (PMD).  which  arises  from  orthogonal  polariza- 
tion modes  traveling  at  slightly  different  speeds  owing  to  fiber  birefringence. 
This  effect  cannot  be  easily  mitigated  and  is  a very  serious  impediment  for 
links  operating  at  10  Gb/s  and  higher  (see  Secs.  3.2.6  and  13.4.5). 

4.  Reflections  from  splices  and  connectors  that  can  cause  instabilities  in  laser 
sources.  These  can  be  eliminated  by  the  use  of  optical  isolators. M 

5.  Nonlinear  inelastic  scattering  processes,  which  are  interactions  between  opti- 
cal signals  and  molecular  or  acoustic  vibrations  in  a fiber. 

6.  Nonlinear  variations  of  the  refractive  index  in  a silica  fiber  that  occur  because 
the  refractive  index  is  dependent  on  intensity  changes  in  the  signal. 

This  section  addresses  the  origins  of  the  two  nonlinear  categories  and  shows 
the  limitations  they  place  on  system  performance.  The  first  category  encompasses 
the  nonlinear  inelastic  scattering  processes.  These  arc  stimulated  Raman  scatter- 
ing (SRS)  and  stimulated  Bnllouin  scattering  (SBS)  The  second  category  of  non- 
linear effects  arises  from  intensity-dependent  variations  in  the  refractive  index  in  a 
silica  fiber  This  produces  effects  such  as  self-phase  modulation  (SPM),  cross- 
phase  modulation  (XPM),  und  four-wave  mixing  (FWM).  In  the  literature, 
FWM  is  also  referred  to  as  four-photon  mixing  (FPM).  and  XPM  is  sometimes 
designated  by  CPM. 

The  processes  SBS.  SRS.  and  FWM  result  in  gams  or  losses  in  u wavelength 
channel  that  arc  dependent  on  the  optical  signal  intensity.  These  nonlinear  pro- 
cesses provide  gains  to  some  channels  while  depleting  power  from  others,  thereby 
producing  crosstalk  between  the  wavelength  channels  In  analog  video  systems, 
SBS  significantly  degrades  the  carner-to-noise  ratio  when  the  scattered  power  is 
equivalent  to  the  signal  power  in  the  fiber.  Both  SPM  and  XPM  affect  only  the 
phase  of  signuls.  which  causes  chirping  in  digital  pulses.  This  can  worsen  pulse 
broadening  due  to  dispersion,  particularly  in  very  high-rate  systems  (>  10  Gb/s). 

When  any  of  these  nonlinear  effects  contribute  to  signal  impairment,  an 
additional  amount  of  power  will  be  needed  at  the  receiver  to  maintain  the  same 
BliR  as  in  their  absence  This  additional  power  (in  decibels)  is  known  as  the  power 
penalty  for  that  effect 

Viewing  these  nonlinear  processes  in  a little  more  detail.  Sec.  12.5.1  first 
shows  how  to  define  the  distances  over  which  the  processes  arc  important. 
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Sections  12.5.2  and  12.5.3  then  qualitatively  describe  the  different  ways  in  which 
the  stimulated  scattering  mechanisms  physically  afreet  a light-wave  system 
Section  12.5.4  presents  the  origins  of  SPM  and  XPM  and  shows  their  degradation 
effect  on  system  performance.  The  mechanisms  giving  nsc  to  FWM  and  the 
resultant  physical  effects  on  link  operation  arc  outlined  in  Sec  12.5.5  The 
FWM  can  be  largely  suppressed  through  clever  arrangements  of  fibers  that 
have  different  dispersion  characteristics,  Section  12.5.6  describes  these  disper- 
sion-compensation techniques  in  which  one  tailors  the  various  fiber  segments  in 
the  link  to  have  high  local  dispersion,  but  an  overall  low  dispersion.  The  low 
average  dispersion  minimizes  pulse  spreading,  whereas  the  high  local  dispersion 
destroys  the  carrier-frequency  phase  relationships  that  give  rise  to  FWM  mter- 
modulation  products 


12.5.1  F.ffcctive  Length  and  Area 


Modeling  the  nonlinear  processes  can  be  quite  complicated,  since  they  depend  on 
the  transmission  length,  the  cross-sectional  area  of  the  filler,  and  the  optical 
power  level  in  the  fiber  The  difficulty  uriscs  from  the  fact  that  the  impact  of 
the  nonlincunty  on  signal  fidelity  increases  with  distance  However,  this  is  onset 
by  the  continuous  decrease  in  signal  power  along  the  fiber  due  to  attenuation.  In 
practice,  one  can  use  a simple  but  sufficiently  accurate  model  that  assumes  the 
power  is  constant  over  a certain  fiber  length,  which  is  less  than  or  equal  to  the 
actual  fiber  length  This  effective  length  L* it,  which  takes  into  account  power 
absorption  along  the  length  of  the  fiber  (i.e..  the  optical  power  decays  exponen- 
tially with  length),  is  given  by' 

I ft  ft  1 _ 

= P{:)  dz  = e“  dr  = - - (12-28) 

Pa  Jo  Jo  a 

Given  a typical  attenuation  of  0.22  dB.km  (or.  equivalently.  5.07  x I0':  km  1 1 at 
1 550  nm  yields  an  effective  length  of  about  20  km  when  1.  » I /a  When  there  are 
optical  amplifiers  in  a link,  the  signal  impairments  owing  to  the  nonhncarilics  do 
not  change  as  the  signal  passes  through  the  amplifier.  In  this  ease,  the  effective 
length  is  the  sum  of  the  effective  lengths  of  the  individual  spans  between  optical 
amplifiers.  If  the  total  amplified  link  length  is  LA  and  the  span  length  between 
amplifiers  is  L.  the  effective  length  is  approximately* 


I 

a L 


(12-29) 


Figure  12-25  illustrates  the  effective  length  as  a function  of  the  actual  system 
Icnglh  The  two  curves  shown  arc  for  a nonamplificd  link  with  a = 0.22  dB  km 
and  an  amplified  link  with  a 75-km  amplifier  spacing  As  indicated  by  Eq.  (12-29). 
the  total  effective  length  decreases  as  the  amplifier  span  increases. 

The  effects  of  nonhnearities  increase  with  the  light  intensity  in  a fiber.  For  s 
given  optical  power,  this  intensity  is  inversely  proportional  to  the  cross-sectional 
area  of  the  fiber  core  Since  the  power  is  not  distributed  uniformly  across  the 
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Effective  length  u a function  of  the  actual  link  length  foi  a nomimplified  link  |from  Ei|  ( 12-I.M))  and  i 
link  with  optical  amplifier!  (paced  75  km  apart  |from  Eq  (I20*»)] 

ftbcr-corr  cross  section,  for  convenience  one  can  use  an  effectin'  cros3~sertkmal 
area  Am  In  general,  although  it  can  be  calculated  from  mode-overlap  integrals, 
the  effective  area  is  close  to  the  actual  core  area  ” As  a rule  of  thumb,  stttndard 
non-dispersion-shifted  single-mode  fibers  have  effective  areas  of  80/im!,  disper- 
sion-shifted fibers  hove  effective  ureas  of  55jim\  and  dispersion-compensating 
fibers  have  effective  areas  on  the  order  of  20jrm:. 

12.5.2  Stimulated  Raman  Scattering 

Stimulated  Raman  nattering  is  an  interaction  between  light  waves  and  the  vibra- 
tional modes  of  silica  molecules.4*  If  a photon  with  energy  hv\  is  incident  on  a 
molecule  having  a vibrational  frequences  >•„.  the  molecule  can  absorb  some  energy 
from  the  photon  In  this  interaction,  the  photon  is  scattered,  thereby  attaining  a 
lower  frequency  >•;  and  a corresponding  lower  energy  Arva . The  modified  photon  is 
called  a Stokes  photon  Because  (he  optical  signal  wave  that  is  injected  into  a liber 
is  the  source  of  the  interacting  photons,  it  is  often  called  the  pump  wave,  since  it 
supplies  power  for  the  generated  wave. 

This  process  generates  scattered  light  at  a wavelength  longer  than  that  of  the 
incident  light  If  another  signal  is  present  at  this  longer  wavelength,  the  SRS  light 
will  amplify  it  and  the  pump-wavelength  signal  will  decrease  in  power;  Fig  12-26 
illustrates  this  effect.  Consequently.  SRS  can  severely  limit  the  performance  of  a 
multichannel  optical  communication  system  by  transferring  energy  from  short- 
wavelength  channels  to  neighboring  higher-wavelength  channels.  This  is  a broad- 
band effect  that  can  occur  in  both  directions.  Powers  in  WDM  channels  separated 
by  up  to  16  THz  (125  nm)  can  he  coupled  through  the  SRS  effect,  as  Fig  12-27 
illustrates  in  terms  of  the  Raman  gain  coefficient  g*  as  a function  of  the  channel 
separation  Av,.  This  shows  that,  owing  to  SRS.  the  power  transferred  from  a 
lower-wavelength  channel  to  a higher-wavelength  channel  increases  approsi- 
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Relative  powers 


a silica  fiber 


KICl  RK  12-26 

SRS  transfer*  optica!  power  from  shorter  wavelengths  to  longer  wavelengths 

mutely  linearly  with  channel  spacing  up  to  u maximum  of  about  Avf  = 16  TfU 
(or  A = 125  nm  in  the  1550-nm  window),  and  then  drops  ofT  sharply  for  lurger 
spacing*. 

To  see  the  effects  of  SRS,  consider  a WDM  system  that  has  N channels 
equally  spaced  in  a 30-nnt  band  centered  at  1 545  nrn.  Channel  0.  which  is  at  the 
lowest  wavelength,  is  affected  the  worst  since  power  gels  transferred  from  this 
channel  to  all  longcr-wavclcngth  channels.  For  simplicity,  assume  that  the  trans- 
mittted  power  P is  the  same  on  all  channels,  that  the  Raman  gam  increases 
linearly  as  shown  by  (he  dashed  line  in  Fig.  12-27.  and  that  there  is  no  interaction 
between  the  other  channels.  If  /w(/l  is  the  fraction  of  power  coupled  from 
channel  0 to  channel  j,  then  the  total  fraction  of  power  coupled  out  of  channel 
0 to  all  the  other  channels  is  (sec  Buck  " for  details) 


A>t.  = 125  nm 


10 

Channel  separation  Av,  (TO/) 


KIM  RK  12-27 

Ruinuri  gain  coefficient  g*  m a function  of  ihc  wavelength  channel  separation  17)C  dashed  hnr  a t 
linear  xppronimalion  for  ex  os  given  by  the  inset  equation,  used  for  computational  implicit)  far 
channel  reputations  up  to  8 TH/  lor  60  imi  in  the  1540-nni  window! 
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The  power  pcn;illy  for  this  channel  then  is  - 10  log  ( I ),  To  keep  ihc  penalty 
below  0.5  dB.  we  need  to  have  F«u  <0.1.  Using  fiq.  (12-30),  and  with 
= 55pm;.  this  gives  the  criterion48  ” 

[NFtN  - I JA < 5 x 10-  mW  THz  km  ( 12-31 ) 

Here.  AT*  is  the  total  power  coupled  into  the  fiber.  I.V  l)Av,  is  the  total  occu- 
pied optical  hundwidth.  und  Lcn  is  the  effective  length,  which  takes  into  account 
power  absorption  ulong  the  length  of  the  fiber. 


Fvamptr  12-6.  Die  limits  indicated  by  Eq*.  (12-31)  arc  illustrated  in  Fig.  12-2*  for 
systems  with  four  and  eight  wavelength  channels  The  curves  show  the  maximum 
power  per  channel  as  a function  of  the  number  of  wavelengths  for  three  different 
channel  spacing*  (recall  that  a 125-GHr  frequency  spacing  is  equivalent  to  u l-nm 
wavelength  spacing  at  1550  nm).  a fiber  utienuation  of 0 2 dlikm  (or.  equivalently. 
4.61  x 10  : kin  1 ).  and  an  amplifier  spacing  of  75  km  (which  yields  an  effective 
length  of  — 22  km) 


The  results  in  Fig.  12-28  were  calculated  for  the  worst-case  scenario  caused 
by  SKS  In  general,  if  the  optical  power  per  channel  is  not  excessively  high  (c.g., 


System  length  (kml 


IK.TRF  12-211 

Maximum  allowable  powet  per  wavetenjnti  channel  versus  transmission  length  for  three  dlfTcrcni 
channel  s pacings  The  curves  are  for  the  power  levels  that  ensure  un  SRS  dcprudaiiori  of  less  rhati  I 
dB  for  all  channels  i Reproduced  with  permission  liorn  O'Mahrmey.  Simcmidou  Yu.  and  /hou 
J Ugkiwvr  Trtii . sol  I.V  pp  Xl?  X2X,  0 IEEE.  May  iwwi  » 
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less  than  I mW  each),  then  the  effects  of  SRS  do  not  contribute  signinaintiy  to 
the  eye-closure  penally  as  a function  of  transmission  distance  50  ,0 


12.5.3  Stimulated  Brillouin  Scattering 

Stimulated  BnUoutn  Mattering  arises  when  lightwaves  scatter  from  acoustic 
waves.5'"  ^ **’  The  rcsullunt  scattered  wave  propagates  principally  in  the  back- 
ward direction  in  single-mode  fibers.  This  backscattcrcd  light  experiences  gain 
from  the  forward-propagating  signals,  which  leads  to  depiction  of  the  signal 
power  The  frequency  of  the  scattered  light  experiences  u Doppler  shift  given  by 

i*  = 2nT,/A  (12-32) 

where  n is  the  index  of  refraction  and  V,  is  the  velocity  of  sound  in  the  material.  In 
silica,  this  interaction  occurs  over  a very  narrow  Bnlhuin  linewidlh  of  Ai*  = 20 
MH/  at  1550  nm  For  I » = 5760  m/s  in  fused  silica,  the  frequency  of  the  back- 
ward-propagating  light  at  1550  nm  is  downshifted  by  1 1 GHz  (0.09  nm)  from  the 
original  signal  This  shows  that  the  SBS  effect  is  confined  within  a single  wave- 
length channel  in  a WDM  system  Thus,  the  effects  of  SBS  accumulate  individu- 
ally for  each  channel,  and.  consequently,  occur  at  the  same  power  level  in  each 
channel  as  occurs  in  a single-channel  system 

System  impairment  starts  when  the  amplitude  of  the  scattered  wave  is  com- 
parable to  the  signal  power.  For  typical  fibers,  the  threshold  power  for  this 
process  is  around  10  mW  for  single-fiber  spans.  In  a long  fiber  chain  containing 
optical  amplifiers,  there  are  normally  optical  isolators  to  prevent  backscattcrcd 
signals  from  entering  the  amplifier.  Consequently,  the  impairment  due  to  SBS  is 
limited  to  the  degradation  occurring  in  a single  amplifier-to-amplificr  span 

One  criterion  for  determining  at  what  point  SBS  becomes  a problem  is  to 
consider  the  SBS  threshold  power  /*lh  This  is  defined  to  be  the  signal  power  at 
which  the  huckscattcred  light  equals  the  fiber-input  power.  The  calculation  of  this 
expression  is  rather  complicated,  but  an  approximation  is  given  by  " 


/’,b*2l 


Xet-ra 


(12-33) 


Here.  Aen  is  the  effective  cross-scctional  area  of  the  propagating  wave,  and  the 
polarization  factor  b lies  between  I and  2 depending  on  the  relative  polarizations 
of  the  pump  and  Stokes  waves.  The  effective  length  L*n  is  given  in  Eq.  (12-28)  and 
jcb  is  the  Brillouin  gam  coefficient,  which  is  approximately  4 x 10'"  m W.  inde- 
pendent of  the  wavelength  Equation  (12-33)  shows  that  the  SBS  threshold  power 
increases  as  the  source  linewidlh  becomes  larger 


Example  12-7.  Consider  an  optical  source  with  a 40  MH/.  linewidlh-  Using  the 
values  Avp  = 20  MH/  at  1550  nm.  .4,it  = 55  * 10  ,J  m:  (for  a typical  dispersion- 
shifted  single-mode  liber),  L^n  — 20  km,  and  assuming  a value  of  h = 2.  then  from 
Eq  (12-33)  we  have  - 8.6  mW  = 9.3  dBm 
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Figure  12-29  illustrates  the  effect  of  SBS  on  ihc  signal  power  once  the 
threshold  is  reached. M The  plots  give  the  Brillouin-scattercd  power  and  the  signal 
power  transmitted  through  a 13-km  dispersion-shifted  fiber  as  a function  of  the 
signal-input  power  Below  the  SBS  threshold,  the  transmitted  power  increases 
linearly  with  the  input  level  Once  the  scattered  power  reaches  the  SBS  threshold, 
the  transmitted  power  remains  constant  for  higher  inputs.  This  occurs  since  power 
is  extracted  from  the  signal  to  feed  the  scattered  wave. 

Figure  1 2-30  illustrates  the  SBS-induccd  impairment  on  the  carricr-to-noise 
ratio  (CNR)  of  an  amplitude-modulated  vestigial-sideband  (AM-VSB)  video  sig- 
nal for  the  same  fiber  as  in  Fig  12-29.  Here,  the  CNR  grows  with  increasing  fiber- 
injected  power  up  to  the  SBS  threshold  Beyond  this  point  the  CNR  starts  to 
decreusc  Wl 

Several  schemes  are  available  for  reducing  the  power-penalty  effects  of  SBS 
These  include*-”-*7 

1.  Keeping  the  optical  power  per  WDM  channel  below  the  SBS  thresholds.  For 
long-haul  systems,  this  may  require  a reduction  in  the  amplifier  spacing. 

2.  Increasing  the  linewidlh  of  the  source,  since  the  gain  bandw  idth  of  SBS  is  very 
small  This  can  be  achieved  through  direct  modulation  of  the  source  (as 
opposed  to  external  modulation),  since  this  causes  the  linewidth  to  broaden 
because  of  chirping  effects  However,  a large  dispersion  penalty  may  result 
from  this. 

3.  Slightly  dithering  the  laser  output  in  frequency,  at  roughly  lens  of  kilohert? 
This  is  effective  since  SBS  is  a narrowband  process.  The  dither  frequency 
should  scale  as  the  ratio  of  the  injected  power  to  the  SBS  threshold  For 


Injected  power  (dBm) 


yjGl'HE  12-29 

TV  eftccl  of  SBS  on  signal  power  The  signal  power  reaches  a plateau  once  the  SBS  ihrcshold  u 
reached  i Adapted  with  permission  from  Mao.  Tkach,  Chraplyvy  Jopson.  and  Dorosier.’"  r IEEE 
1992) 
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FIGURE  IJ-.W 

The  S8S  Impairment  on  the  CNR  of  an  AM-VSB  signal  The  trianglei  are  the  CNR  and  the  erotics 
represent  the  haekv-aitritd  power  (Adapted  with  permission  from  Mao.  Bodcep.  Tluich.  Chraplyvy, 
Dame,  and  Dorouer"  r 1EP.E,  IW  I 


high  injected  powers  of  I W.  the  dither  frequency  should  be  around  10  MHz. 
It  has  been  shown  that  dithering  can  achieve  near  total  suppression  of  SBS.': 


12.5.4  Self- Phase  Modulation  and  Cross- Phase 
Modulation 


The  refractive  index  n of  many  optical  materials  has  a weak  dependence  on  optical 
intensity  / (equal  to  the  optical  power  per  effective  area  in  the  fiber)  given  by 


n - no  + ;»:/  = ««  -i-  n;  — 
>4ctr 


(12-34) 


where  «0  is  the  ordinary  refractive  index  of  the  material  and  «;  is  the  nonlinear 
index  coefficient.  In  silica.  Lhc  factor  n:  varies  from  2.2  to  3.4  xIO 
The  nonlinearity  in  the  refractive  index  is  known  as  the  A err  nonlinearity.  Thu 
nonlinearity  produces  a carrier-induced  phase  modulation  of  the  propagating 
signal,  which  is  called  Ihe  Kerr  effect  In  single-wavelength  links,  this  gives  rise 
to  iclf-phase  modulation  (SPMl,  which  converts  optical  power  fluctuations  in  a 
propagating  light  wave  to  spurious  phase  fluctuations  in  the  same  w•avc.s•,', 

To  see  the  effect  of  SPM,  consider  what  happens  to  the  optical  pulse  shown 
in  Fig  12-31  as  it  propagates  in  a fiber  Here,  the  time  axis  is  normalized  to  the 
parameter  to.  which  is  the  pulse  half-w  idth  at  the  l/r-intcnsity  point.  The  edges  of 
the  pulse  represent  a time-varying  intensity,  which  rises  rapidly  from  zero  to  a 
maximum  value,  and  then  returns  to  zero.  In  a medium  that  has  an  intensity- 
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dependent  refractive  index,  a time-varying  signal  intensity  will  produce  a time- 
varying  refractive  index  Thus,  the  index  at  the  peak  of  the  pulse  will  be  slightly 
different  than  the  value  in  the  wings  of  the  pulse.  The  leading  edge  will  see  a 
positive  dn/dl.  whereas  the  trailing  edge  will  sec  a negative  dn/dl. 

This  temporally  varying  index  change  result*  in  a temporally  varying  phase 
change,  shown  by  d$/dt  in  Fig.  12-31  The  consequence  is  that  the  instantaneous 
optical  frequency  differs  from  its  initial  vuluc  vti  across  the  pulse  That  is.  since  the 
phase  fluctuations  arc  intensity-dependent,  different  parts  of  the  pulse  undergo 
different  phase  shifts.  This  leads  to  what  is  known  as  frequency  chirping,  in  that 
the  rising  edge  of  the  pulse  experiences  a red  shift  in  frequency  (toward  higher 
frequencies),  whereas  the  trailing  edge  of  the  pulse  experiences  a blue  shift  in 
frequency  (toward  lower  frequencies)  Since  the  degree  of  chirping  depends  on 
the  transmitted  power.  SPM  effects  are  more  pronounced  for  higher-intensity 
pulses 

For  some  types  of  Fibers,  the  time-varying  phase  may  result  in  a power 
penalty  owing  to  a GVD-induccd  spectral  broadening  of  the  pulse  as  it  travels 
along  the  fiber  In  the  wavelength  region  where  chromatic  dispersion  is  negative 
|or.  from  Eq  (3-17).  where  & > 0],  the  red-shifted  leading  edge  of  the  pulse 
travels  faster  and  thus  moves  away  from  the  center  of  the  pulse.  The  blue-shifted 
trailing  edge  travels  slower,  and  also  moves  away  from  the  center  of  the  pulse 
Therefore,  in  this  case,  chirping  worsens  the  effects  of  GVD-induccd  pulse  broad- 
ening. On  the  other  hand,  in  the  wavelength  region  where  chromatic  dispersion  is 
positive,  the  red-shifted  leading  edge  of  the  pulse  travels  slower  and  moves  toward 
the  center  of  the  pulse.  Similarly,  the  blue-shifted  trailing  edge  travels  faster,  and 


FIGURE  12-31 

Phenomenological  description  of  spec 
Inti  broadening  of  a pulse  due  to  self- 
phase  modulation. 
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also  move*  toward  the  center  of  the  pulse  In  this  ease,  SPM  causes  the  pulse  to 
narrow,  thereby  partly  compensating  for  chromatic  dispersion. 

In  WDM  systems,  the  refractive  index  nonlinearity  gives  rise  to  croxs-phaie 
modulation  fXPM).  which  converts  power  fluctuations  in  a particular  wavelength 
channel  to  phase  fluctuations  in  other  copropaguting  channels.4*'51  This  can  be 
greatly  mitigated  in  WDM  systems  operating  over  standard  non-dispersion- 
shifted  single-mode  Tiber,  but  can  be  a significant  problem  in  WDM  links  operat- 
ing at  10  Gb  s and  higher  over  dispersion- shifted  liber.  When  combined  with  fiber 
dispersion,  the  spccliul  broadening  from  SPM  and  XPM  can  be  a significant 
limitation  in  very  long  transmission  links,  such  as  cross-country  or  undersea 
systems 

12.5.5  Four-Wave  Mixing 

Dense  WDM  transmission  in  which  individual  wavelength  channels  arc  modu- 
lated at  rates  of  10  Gb/s  offers  capacities  of  N x 10  Gb/s.  where  \ is  the  number 
of  wavelengths.  To  transmit  such  high  capacities  over  long  distances  requires 
operation  in  the  1550-nm  window  of  dispersion-shifted  fiber.  In  addition,  to 
preserve  an  adequate  signal-to-noise  ratio,  a 10-Gb/s  system  operating  over 
long  distances  and  having  nominal  uptical  repeater  spacings  of  l(X)  km  needs 
optical  launch  powers  of  around  I mW  per  channel.  For  such  WDM  systems, 
the  simultaneous  requirements  of  high  launch  power  and  low  dispersion  give  rue 
to  the  generation  of  new  frequencies  due  to  four-wave  mixing."* VM’'  * 

Four-ware  mixing  (FWM)  is  a third-order  nonlinearity  in  silica  fibers  that  is 
analogous  to  intermodulation  distortion  in  electrical  systems.  When  wavelength 
channels  are  located  near  the  zero-dispersion  point,  three  optical  frequencies 
(i»i.  i>,.  vs)  will  mix  to  produce  a fourth  intermodulation  product  given  by 

= Vi  + vt  - v»i  with  fj  ^ k (12-35) 

When  this  new  frequency  falls  in  the  transmission  window  of  the  original  frequen- 
cies. it  can  cause  severe  crosstalk. 

Figure  12-32  shows  a simple  example  for  two  waves  at  frequencies  i»i  and  vj. 
As  these  wave  copropagate  along  a fiber,  they  mix  and  generate  sidebands  at 
2»>i  - v;  and  2i*  - iq  Similarly,  three  copropugattng  waves  will  create  nine  new 
optical  sideband  waves  at  frequencies  given  by  Fq  (12-35)  These  sidebands  will 
travel  along  with  the  original  waves  and  will  grow  at  the  expense  of  sigiuil- 
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Two  optical  waves  al  frequencies  i,  in! 
V]  mix  to  gencrale  two  third  .order  tide- 
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strength  depletion.  In  general,  for  N wavelengths  launched  into  a fiber,  the 
number  of  generated  mixing  products  M is 

Ni 

U I)  (12-36) 

If  the  channels  are  equally  spaced,  a number  of  the  new  waves  will  have  the  same 
frequencies  as  the  injected  signals.  Thus,  the  resultant  crosstalk  interference  plus 
the  depletion  of  the  original  signal  waves  cun  severely  degrade  multichannel  sys- 
tem performance  unless  steps  are  taken  to  diminish  it 

The  efficiency  of  four-wave  mixing  depends  on  fiber  dispersion  and  the 
channel  spacings  Since  the  dispersion  vuries  with  wavelength,  the  signal  waves 
and  the  generated  waves  have  different  group  velocities.  This  destroys  the  phase 
matching  of  the  interacting  waves  and  lowers  the  efficiency  at  which  power  is 
transferred  to  newly  generated  frequencies.  The  higher  the  group  velocity  mis- 
matches and  the  wider  the  channel  spacings,  the  lower  the  four-wave  mixing 
At  the  exit  of  a fiber  of  length  L and  uttenuation  a,  the  power  P j*  that  is 
generated  at  frequency  due  to  the  interaction  of  signals  at  frequencies  vlt  ly, 
•nd  i>*  that  have  fiber-input  powers  P,.  P,.  and  Pi,  respectively,  is” 

P<*(L)  = ^K)2P,{0)P,iO)PAQ)c%p(-aL)  (12-37) 

where  the  nonlinear  interaction  constant  i r is 

-tstOc)  "2-“» 

Here,  xml  « the  third-order  nonlinear  susceptibility,  r?  is  the  efficiency  of  the 
four-wave  mixing,  n is  the  fiber  refractive  index;  and  3 is  the  degeneracy  factor, 
which  has  the  value  of  3 or  6 for  two  waves  mixing  or  three  waves  mixing, 
respectively.  The  effective  length  is  given  by  Eq  (12-29)  and  Aea  is  the 
effective  cross-sectional  area  of  the  fiber  Figure  12-33  gives  examples  of  ij  as  a 
function  of  channel  spacing  for  three  equally  spaced  frequencies  for  dispersion 
values  of  a conventional  single-mode  fiber  (16  ps/(nm  km)  average  in  the  1550- 
nm  window]  and  a dispersion-shifted  fiber  (I  ps/(nm  km)  average  in  the  1 550-nm 
window].  These  curves  show  the  frequency-spacing  range  over  which  the  FWM 
process  is  efficient  for  these  two  dispersion  values  (see  Prob.  12-19  for  a detailed 
expression  for  q,  which  leads  to  an  oscillatory  behavior  of  P(l*  as  u function  of 
channel  spacing).  For  example,  in  the  conventional  single-mode  fiber,  only  fre- 
quencies with  separations  less  than  20  GH2  will  mix  efficiently.  In  contrast,  the 
FWM  mixing  efficiencies  arc  greater  than  20  percent  for  channel  separations  up 
to  50  GHz  for  dispersion-shifted  fibers. 

■■  Example  12-#.  Consider  a 75-km  link  of  dispersion-shifted  single-mode  fiber  carry- 
tne  two  wavelength*  at  1540.0  and  1540.5  nm.  The  new  frequencies  generated  due  to 
FWM  are  at 

viu  = 2vi  - v;  = 2(1340.0  nm)  - 1540.5  nm  = 1539.5  nm 
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Effiocncici  of  four-wave  mixing  iu  a 
function  ol  wavelength  channel  (pacing 
The  solid  curve  » for  (tandanl  nngle- 
modc  fiber  with  16-p*/  Inm  km)  draper- 
tton  The  itunhed  curve  k for  ditpcnioo- 
(hiftevl  fiber  with  1-ptTnm  km  > draper- 
tlon  (Reproduced  with  permission  from 
Chrmpfyvy.4*  , IfcHfc.  iwo  j 


and 


v-3,  = 2vj  — vi  = 2(  1 540,5  nm)  - 1 540  0 nm  = 1 541 .0  nm 

Assume  the  fiber  hit*  un  attenuation  of  a — 0.20  dB,'km  = Q 0461  Ian-1,  a refractive 
index  of  I 4b,  aitd  a 9 0-/rtn  core  diameter,  so  that  Ltn  = 22  km  and 
4,„  - 6 4 . 10  11  m3  From  Fig  1 2-33  wc  find  rj  * 5 percent  for  a 62-OHz  (0J- 
nm)  channel  spacing.  If  each  channel  hits  an  input  power  of  I mW.  then,  using  the 
values  gnu  — 6 x 10'*  cm ’/erg  = 6 x 10'11  m'  fW  j)  and  9 = 3.  wc  find 


/’til  = 0.05(31* 


32r'6  x 10  ” 


m 

w~ , 


-l! 


<l.48)*(l  54  x 10“  m)3  x |0»  m/» 


X f 7 X, m (1.0  X 10-'  W)'  exp(-(0  0461/knt>75  kml 
\6.4  x 10  " m*  / 

= 5.80  x 10  ‘ tnW 


12.5.6  Dispersion  Management 

A large  base  of  dispersion-shifted  fiber  has  been  installed  throughout  the  world 
for  use  in  single-wavelength  transmission  systems.  Four-wave  mixing  can  be  u 
significant  problem  for  these  links  when  one  attempts  to  upgrade  them  with  high- 
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speed  dense  WDM  technology  in  which  the  channel  spacings  are  less  than  100 
GHz  and  the  bit  rates  arc  in  excess  of  2.5  Gb/s. 

One  approach  to  reducing  the  effect  of  FWM  is  to  use  passive  dispersion 
compensation  M 77  This  consists  of  inserting  into  the  link  a loop  of  fiber  having  a 
dispersion  characteristic  that  negates  the  accumulated  dispersion  of  the  transmis- 
sion fiber  This  process  is  called  dispersion  compensation  and  the  fiber  loop  is 
referred  to  as  a dispersion-compensating  fiber  (DCF).  If  the  transmission  fiber 
has  a low  positive  dispersion  [say.  2.3  ps/(nm  • km)],  then  the  DCF  will  have  u 
large  negative  dispersion  [say.  -16  ps  (nm  km)|.  With  this  technique,  the  total 
accumulated  dispersion  is  zero  after  some  distance,  but  the  absolute  dispersion 
per  length  is  nonzero  at  all  points  along  the  fiber.  The  nonzero  absolute  value 
causes  a phase  mismatch  between  wavelength  channels,  thereby  destroying  the 
possibility  of  effective  FWM  production. 

Figure  12-34  shows  that  the  DCF  can  be  inserted  at  either  the  beginning  or 
the  end  of  an  installed  fiber  span  between  two  optical  amplifiers  A third  option  is 
to  have  a DCF  at  both  ends.  In  precontpensaiUm  schemes,  the  DCF  is  located 
right  after  the  optical  amplifier  and  thus  just  before  the  transmission  fiber 
Conversely,  in  postcompensation  schemes,  the  DCF  is  placed  right  after  the  trans- 
mission fiber  and  just  before  the  optical  amplifier.  Figure  12-34  also  shows  plots 
of  the  accumulated  dispersion  and  the  power  level  as  functions  of  distance  along 
the  fiber.  These  plots  arc  called  dispersion  maps  and  power  maps,  respectively  As 
Fig.  12-34o  illustrates,  in  prccompensation  the  DCF  causes  the  dispersion  to  drop 
quickly  to  u low  negative  level  from  which  it  slowly  rises  towurd  zero  (at  the  next 
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optical  amplifier)  with  increasing  distance  along  the  trunk  fiber  This  process 
repeats  itself  following  amplification.  The  power  map  show's  that  the  optical 
amplifier  first  boosts  the  power  level  to  a high  value.  Since  the  DCF  is  a loop 
of  fiber,  there  is  a small  drop  in  power  level  before  the  signal  enters  the  actual 
transmission  path,  in  which  it  decays  exponentially  before  being  amplified  once 
more. 

Similar  processes  occur  in  postcompensation,  as  shown  in  Fig  12-346.  In 
either  case,  the  accumulated  dispersion  is  near  zero  after  some  distance  to  mini- 
mize the  effects  of  pulse  spreading,  hut  the  absolute  dispersion  per  length  is 
nonzero  at  all  points,  thereby  causing  a phase  mismatch  between  different  wave- 
lengths, which  effectively  destroys  FWM 


12.6  PERFORMANCE  OF  WDM  + F.DFA 
SYSTEMS 

In  addition  to  the  performance  limitations  due  to  nonlinear  effects  discussed  in 
See  12.5.  designing  optically  amplified  WDM  links  and  networks  requires  careful 
consideration  of  the  system  operating  conditions  Among  these  arc  the  link  band- 
width. optical  power  requirements  for  a specific  bit-error  rate,  and  crosstalk 
between  optical  channels. 


12.6.1  Link  Bandwidth 

If  the  ;V  transmitters  in  a WDM  link,  such  as  shown  in  Fig  12-13,  operate  at  bit 
rates  of  B\  through  Bs.  respectively,  then  the  total  bandwidth  is 

N 

B = YL8'  (12-39) 

ml 

When  all  the  bit  rates  arc  equal,  then  the  system  capacity  is  enhanced  by  a factor 
jV  us  compared  with  a single-channel  link.  For  example,  if  the  bandwidth  of  each 
channel  is  2.5  Gb/s.  then  the  total  bandwidth  of  the  WDM  link  for  eight  channels 
is  20  Gb/s  and  for  40  channels  it  is  100  Gb/s. 

The  total  capucity  of  a WDM  link  depends  on  the  bandwidth  of  the  optical 
amplifier  and  on  how  closely  the  channels  can  be  spaced  in  the  available  trans- 
mission window.  The  standard  wavelength  spacing  is  suggested  to  be  100  GHz  by 
the  ITU-T  Recommendation  G.692  As  noted  in  that  document,  the  central  fre- 
quency is  193  100  THz  (1552.524  nra).  with  the  wavelength  grid  for  a standard 
erbium-doped  fiber  amplifier  ranging  from  1537  nm  to  1563  nm  This  window  can 
be  extended  to  1616  nm  using  a Raman  amplifier  or  a silicate- based  fiber  instead 
of  a silicu-based  fiber.  Through  the  use  of  closer  channel  spacings  and  an  extended 
EDFA  range,  vendors  are  making  commercially  avadablc  dense  WDM  links  with 
128  wavelengths 


Il«  WKHI«MAWrT  Of  WOM  • KOMSYSTHM*  503 

116.2  Optical  Power  Requirements  for  a Specific 
BFK 

At  the  outputs  or  the  demultiplexer,  system  parameters  that  need  to  be  considered 
include  the  signal  level,  noise  level,  and  crosstalk.  The  bit-error  rate  (BER)  of  a 
WDM  channel  is  determined  by  the  optical  signal-to-noise  ratio  (SNR)  delivered 
to  the  pholodctecior  For  an  acceptably  low  BER  in  an  ideal  link,  this  should  be 
approximately  14  dB  measured  in  a 0.01  -nm  optical  bandwidth.  For  commercial 
systems,  taking  into  account  likely  variations  in  realistic  components  and  includ- 
ing reasonable  amounts  of  system  murgm  (usually  between  3 and  6 dB),  one 
typically  needs  SNRs  of  18  20  dB.  These  values  then  determine  the  amount  of 
optical  power  that  must  he  launched  into  each  wavelength  channel,  the  number  of 
EDFAs  needed  over  the  desired  link  length,  and  the  liber  attenuation  that  can  be 
tokruted  in  the  spans  between  optical  amplifiers. 

An  important  factor  to  keep  in  mind  is  the  difference  in  noise  effects 
between  an  optically  amplified  WDM  link  and  a conventional  link  without  ampli- 
fiers. where  the  transmission  performance  is  dominated  by  receiver  noise  In  an 
optically  amplified  link,  the  mam  noise  factor  for  a digital  *T‘  arises  from  the 
signal  mixing  with  the  ASE  noise  from  the  EDFA.  whereas  for  a digital  “(1"  signal 
the  probability  of  error  is  determined  by  the  ASE  noise  alone. 

For  a given  channel  transmitted  over  a link  containing  several  optical  ampli- 
fiers. the  SNR  starts  out  at  a high  level  It  then  decreases  at  each  amplifier  as  the 
ASE  noise  accumulates  through  the  length  of  the  link,  as  shown  in  Fig  12-35.  The 
higher  the  gam  in  the  amplifier,  the  faster  the  ASE  noise  builds  up  However, 
although  the  SNR  decreases  quickly  in  the  first  few  amplifications,  the 
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SNR  degradation  11  a function  of  link  distance  over  which  the  ASE  noise  increases  with  the  numbn  of 
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incremental  effect  of  adding  another  liDFA  diminishes  rapidly  with  an  increasing 
number  of  amplifiers.  As  a consequence,  although  the  SNR  drops  by  3 dB  when 
the  number  of  F.DFAs  increases  from  three  to  six.  it  also  drops  by  3 dB  when  the 
number  of  amplifiers  is  further  increased  from  six  to  twelve. 


12.6.3  Crosstalk 

The  narrow  channel  spacing*  in  dense  WDM  links  give  rise  to  crosstalk,  which  is 
defined  as  the  feedthrough  of  one  channel's  signal  into  another  channel/* 11 
Crosstalk  can  be  introduced  by  almost  any  component  in  a WDM  system,  includ- 
ing optical  filters,  wavelength  multiplexers  and  demultiplexers,  optical  switches, 
optical  amplifiers,  and  the  fiber  itself. 

The  two  types  of  crosstalk  that  cun  occur  in  WDM  systems  arc  mtrachanncl 
and  interchannel  crosstalk  Both  of  these  cause  power  penalties  in  the  sjstcm 
performance.  Interchannel  crosstalk  arises  when  an  interfering  signal  comes 
from  a neighboring  channel  that  operates  at  a different  wavelength  fhis  nomin- 
ally occurs  when  a wavelength-selecting  device  imperfectly  rejects  or  isolates  the 
signals  from  other  nearby  wavelength  channels.  Crosstalk  then  arises  since  these 
spurious  neighboring  signals  could  fall  partially  within  the  receiver  passband 
Figure  12-36  shows  an  example  of  crosstalk  in  a demultiplexer 

For  intrachannel  crosstalk,  the  interfering  signal  is  at  the  same  wavelength  ai 
the  desired  signal  This  effect  is  more  severe  than  interchannel  crosstalk  since  the 
interference  falls  completely  within  the  receiver  bandwidth  Figure  12-37  gives  an 
example  of  the  origin  of  mtrachannel  crosstalk.  Here,  two  independent  signals, 
each  at  a wavelength  A.|,  enter  an  optical  switch  This  switch  routes  the  signal 
entering  port  I to  output  port  4.  und  routes  the  signal  entering  port  2 to  output 
port  3 Within  the  switch,  a spurious  fraction  of  the  optical  power  entering  port  I 
gets  coupled  to  port  3,  where  it  interferes  with  the  signal  from  port  2 

If  the  average  received  mtrachanncl  crosstalk  power  is  a fraction  r of  the 
average  received  signal  power  P.  then  in  an  amplified  system,  where  the  dominant 
noise  component  is  signal-dependent,  the  mtrachanncl  power  penalty  is* 

Pcnultymlni  = -5  logfl  - 2,/e)  (12-40) 
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If  there  arc  N interfering  channel*  in  a WDM  system,  each  contributing  an 
average  crosstalk  power  t,P.  then  the  factor  i in  Eq  (12-40)  is  given  by 

v 

y/i  = (12-41) 

J»l 

For  interchannel  crosstalk,  again  let  the  received  crosstalk  power  be  a frac- 
tion f of  the  uverage  received  signal  power  P.  Again,  considering  an  amplified 
system,  the  power  pcnulty  then  is" 

Pcnaltymltr  = -5  log(l  - e)  (12-42) 

In  this  case,  for  \ interfering  channels,  each  with  an  average  crosstalk  power  t,P. 
the  factor  r in  Eq.  (12-42)  is  given  by 

r=f>  (12-43) 

Figure  12-38  illustrates  the  power  penalties  from  inlrachanncl  and  intcrchanncl 

crosstalk  for  8 and  16  W'DM  channels  as  a function  of  the  individual  crosstalk 
level.  Here,  each  channel  contributes  an  equal  amount  of  crosstalk  power  This 
shows  that  the  intrachannel  effect  is  more  severe,  since  it  falls  completely  within 
the  receiver  passband.  As  an  example,  a 1-dB  pcnulty  arises  when  the  inlrachanncl 
level  is  38.7  dB  below  the  signal  level.  For  intcrchanncl  crosstalk  this  l-dB-penally 
level  can  be  much  higher  (uboul  16  dB  below  the  signal). 


12.7  SOLITONS 

As  detailed  in  Chap  3,  group  velocity  dispersion  (OVD)  causes  most  pulses  to 
broaden  in  time  as  they  propagate  through  an  optical  fiber.  However,  a particular 
pulse  shape  known  as  a .win on  takes  advantage  of  nonlinear  effects  in  silica, 
particularly  self-phase  modulation  (SPM)  resulting  from  the  Kerr  nonlinearity, 
to  overcome  the  pulse-broadening  effects  of  GVD  811 
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FIGURE  12 

Power  pertallio  (ram  iwnuiuift. 
nel  and  rnterclumncl  ootMalk 
lor  S and  16  WDM  channel*  u 
a funciion  of  the  individual 
cronuilt  level 


The  term  "soliton"  refers  lo  special  kinds  of  waves  that  cun  propagate 
undistorted  over  long  distances  and  remain  unaffected  after  collisions  with  each 
other.  John  Scott  Russell  made  the  first  recorded  observation  of  a soliton  in  1838. 
when  he  saw  a peculiar  type  of  wave  generated  by  boats  in  narrow  Scottish 
canals.  '1  The  resulting  water  wave  was  of  great  height  and  traveled  rapidly  and 
unailcnuatcd  over  a long  distance  After  passing  through  slower  waves  of  lesser 
height,  the  waves  emerged  from  the  interaction  undistorted,  with  their  identities 
unchanged. 

In  an  optical  communication  system,  solitons  are  very  narrow,  high-mten- 
sily  optical  pulses  that  retain  their  shape  through  the  interaction  of  balancing 
pulse  dispersion  with  the  nonlinear  properties  of  an  optical  fiber  If  the  relative 
effects  of  SPM  and  GVD  are  controlled  just  right,  and  the  appropriate  pulse 
shape  is  chosen,  the  pulse  compression  resulting  from  SPM  can  exactly  offset 
the  pulse  broadening  effect  of  GVD.  Depending  on  the  particular  shape  chosen, 
the  pulse  either  docs  not  change  its  shape  as  it  propagates,  or  it  undergoes  per- 
iodically repeating  changes  in  shape.  The  family  of  pulses  that  do  not  change  in 
shape  arc  called  fundamental  solltons.  and  those  that  undergo  periodic  shape 
chungcs  arc  called  higher-order  solitons.  In  either  case,  attenuation  in  the  fiber 
will  eventually  decrease  the  soliton  energy.  Since  this  weakens  the  nonlinear  inter- 
action needed  to  counteract  GVD.  periodically  spaced  optical  amplifiers  are 
required  in  a soliton  link  to  restore  the  pulse  energy 


12.7.1  Soliton  Pulses 

Let  us  look  at  the  soliton  pulse  features  in  more  detail  No  optical  pulse  ii 
monochromatic,  since  it  excites  a spectrum  of  frequencies.  For  example,  as  Eq. 
(10-1)  shows,  if  an  optical  source  emits  power  in  a wavelength  band  AX.  its 
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spectral  spread  is  Ac,  This  is  important,  because  in  an  actual  fiber  a pulse  is 
affected  by  both  ihe  GVD  and  the  Kerr  nonlinearity.  This  is  particularly  signifi- 
cant for  high-intensity  optical  excitations.  Since  the  medium  is  dispersive,  the 
pulse  width  will  spread  in  time  with  increasing  distance  along  the  fiber  owing 
to  GVD.  In  addition,  when  a high-inlcnsity  optical  pulse  is  coupled  to  a fiber,  the 
optical  power  modulates  the  refractive  index  seen  by  the  optical  excitation  This 
induces  phase  fluctuations  in  ihe  propagating  wave,  thereby  producing  a chirping 
effort  in  the  pulse,  as  shown  in  Fig  12-31  in  See.  12.5.4.  The  result  is  that  the  front 
of  the  pulse  (at  smaller  times)  has  lower  frequencies  and  the  buck  of  the  pulse  (at 
later  times)  has  higher  frequencies  than  the  carrier  frequency 

When  such  u pulse  traverses  a medium  with  u positive  GVD  parameter  ft 
for  the  constituent  frequencies,  the  leading  part  of  the  pulse  is  shifted  toward  a 
longer  wavelength  (lower  frequencies),  so  that  the  speed  in  that  portion  increases 
Conversely,  in  the  trailing  half,  the  frequency  rises  so  the  speed  decreases.  This 
causes  the  trailing  edge  to  be  further  delayed  Consequently,  in  addition  to  a 
spectral  change  with  distance,  the  energy  in  the  center  of  the  pulse  is  dispersed 
to  cither  side,  and  the  pulse  eventually  takes  on  u rectangular-wave  shape.  Figure 
12-39  illustrates  these  intensity  changes  as  the  pulse  travels  along  such  a liber  The 
plot  is  in  terms  of  the  normalised  time.  These  effects  will  severely  limit  high-speed 
long-distance  transmission  if  the  system  is  operated  in  this  condition 

On  the  other  hand,  when  a narrow  high-intensity  pulse  traverses  a medium 
with  u negative  GVD  parameter  for  the  constituent  frequencies.  GVD  counteracts 
the  chirp  produced  by  SPM  Now.  GVD  retards  the  low  frequencies  in  the  front 
end  of  the  pulse  and  advances  the  high  frequencies  at  the  back  The  result  is  that 
the  high-intensity  sharply  peaked  soliton  pulse  changes  neither  its  shape  nor  its 
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spectrum  as  it  travels  along  the  fiber  Figure  12-40  illustrates  this  for  a lumk- 
mcntal  soliton  Provided  the  pulse  energy  is  sufficiently  strong,  this  pulse  shape  is 
maintained  as  it  travels  along  the  fiber  In  a standard  optical  fiber,  there  is  a rcro- 
dispcrsion  point  around  1320  nm  (see  Fig.  3-24)  For  wavelengths  shorter  than 
1320  nm  fc  is  positive,  and  for  longer  wavelengths  it  is  negative  Thus,  solitoo 
operation  is  limited  to  the  region  greater  than  1320  nm. 

To  derive  the  evolution  of  the  pulse  shape  required  for  soliton  transmission, 
one  needs  to  consider  the  nonlinear  Schrddinger  f SLS)  equation*'  ** 

du  I d~U  » . 

~V5;  = 2 8/?  + 1 12-44) 

Merc,  u(z.  t)  is  the  pulse  envelope  function.  ; is  the  propagation  distance  along  the 
fiber.  iV  is  an  integer  designating  the  order  of  the  soliton.  and  a is  the  coefficient  of 
energy  gain  per  unit  length,  with  negative  values  of  o representing  energy  lots. 
Following  conventional  notation,  the  parameters  in  Fq.  (12-44)  have  been 
expressed  in  special  soliton  units  to  eliminate  scaling  constants  in  the  equation 


H(.l  Rf  12-40 

Chanictcnilici  of  a high- intensity  sharply  peaked  solilun  pulsed  that  it  subject  in  the  Ken  effect  M H 
travelt  through  a nonlinear  ditpenivc  fiber  that  hat  u negative  CiVD  parameter 


(IT  SOI  Most 


5W 


These  parameters  (defined  in  See  12.7.21  are  the  normalized  lime  7'p,  the  dix/rerjiinn 
lrn»ih  and  the  soliton  peak  power  P^ 

For  the  three  right-hand  terms  in  Fq.  (1 2-44 1; 

The  first  term  represents  GVO  effects  of  the  fiber  Acting  by  itself,  dispersion 
lends  to  broaden  pulses  in  lime. 

The  second  nonlinear  term  denotes  the  fact  that  the  refractive  index  of  the 
fiber  depends  on  the  light  intensity  Through  the  self-modulation  process,  this 
physical  phenomenon  broadens  the  frequency  spectrum  of  a pulsc. 

Thc  third  term  represents  the  effects  of  energy  loss  or  gain:  for  example.  due 
to  fiber  attenuation  or  optical  amplification,  respectively 

Solving  the  NLS  equation  analytically  yields  a pulse  envelop  that  is  cithet 
independent  of  r (for  the  fundamental  soliton  with  V - I ) or  that  is  periodic  in  : 
(for  higher-order  sohtons  with  \ > 2).  The  general  theory  of  soli  to  ns  is  mathe- 
matically complex  and  can  be  found  in  the  literature*4''  Several  excellent  and 
comprehensive  overviews  of  sohtons,  which  are  beyond  the  scope  of  this  book,  are 
recommended  to  readers  who  wunt  more  details.’1'’  Here,  we  present  the  basic 
concepts  for  fundamental  sohtons.  The  solution  to  F.q.  (12-44)  for  the  fundamen- 
tal soliton  is  given  by 

k(x,  /)  = sech(f)cxp</2/2)  (12-45) 

where  scch(r)  is  the  hyperbolic  secant  function  This  is  a bell-shaped  pulse,  as  Fig. 
12-41  illustrates.  The  time  scale  is  given  in  units  normalized  to  the  \/e  width  of  the 
pulse  Since  the  phase  term  cxp<  /r/2)  m Eq.  (12-45)  has  no  influence  on  the  shape 
of  the  pul.se.  the  soliton  is  independent  of  : and  hence  is  nondispcrsivc  in  the  time 
domain 

When  examining  the  NLS  equation,  one  finds  that  the  first-order  effects  of 
the  dispersive  and  nonlinear  terms  arc  just  complementary  phase  shills  For  a 
pulse  given  by  Fq.  (12-45),  these  phase  shifts  arc 

(f^uuniiu  = |w(r)|:  <1:  = sech:(f)«fc 
for  the  nonlinear  process,  and 

= \\  ~ scch:(Mlde 

/ \.  FIGURK  12-41 

i ..  The  hyperbolic  vxunt  function  used  lot  sottion  pulse*  Tlic 

7 lime  scale  is  given  in  units  normalized  la  Ibe  I Ir  width  of 
Normalized  time  Ibt  pu|^ 
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for  the  dispersion  effect.  Figure  12-42  shows  plots  of  these  terms  and  their  sum, 
which  is  a constant  Upon  integration,  the  sum  simply  yields  a phase  shift  of  r/2. 
which  is  common  to  the  enure  pulse  Since  such  u phase  shift  changes  neither  the 
temporal  nor  the  spectral  shape  of  a pulse,  the  soliton  remains  completely  non- 
dispersive  in  both  the  temporal  and  frequency  domains. 


12.7.2  Soliton  Parameters 

Recall  that  the  full-width  half-maximum  (FWHM)  of  a pulse  is  defined  as  the  full 
width  of  the  pulse  at  its  half-maximum  power  level  (see  Fig.  12-43)  For  the  solu- 
tions to  Eq.  (12-441.  the  power  is  given  by  the  square  of  the  envelope  function  in 
Eq  (12-40).  Thus,  the  FWHM  T,  of  the  fundamental  soliton  pulse  in  normalized 
time  is  found  from  the  relationship  scch;(r)  = ( with  r = T,/(2Tq),  where  To  is  the 
basic  normalized  time  unit.  This  yields 


To 


r, 


2 cosh~  V!  1.7627 


% 0.5677", 


(1248) 


i sample  12-1.  Typical  soliton  FWHM  pulse  widths  T,  range  from  15  to  50  p»,  to 
thut  the  normalized  time  T0  is  on  the  order  of  9-  30  ps 


The  normalized  distance  parameter  (also  called  dispersion  length)  is  o 
characteristic  length  for  the  effects  of  the  dispersion  term  As  described  later.  Z.jw 
is  a measure  of  the  period  of  a soliton  This  parameter  is  given  by 


f-liwp  — 


hrcTl  I 2nc  T‘  2 nc  T* 

V D |2cosh-'  n/2)j  D ' ' D 


(12491 


where  r is  the  speed  of  light.  A.  is  the  wavelength  in  vacuum,  and  D is  the  disper- 
sion of  the  fiber 


frlGl’RK  12-42 
Dispersion  and  nonlinear  phase 
shihs  of  a soliton  pulie  Their 
sum  is  a constant,  which  yields 
a common  phase  shift  for  the 
entire  pulse. 
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nCt'KE  12-4.1 

Definition  of  the  hall-masmurm  nohton  width  in  terms  of  tnirttuliml  time  unit*. 


Example  12-10.  C'otuldet  a dispersion- shifted  fiber  having  D — 0.5  ps/(nm  knit  at 
1550  nm  If  T,  = 20  p»,  we  lutvc 


f ‘disfi  — 


I 2n(3  » 10*  m/s)  J20  psf' 

(I  7627)j  (1550  nmr  0.5  p»/(nm  km) 


202  km 


which  shows  that  /_i„r  is  on  the  order  ol  hundreds  of  kilometers 
The  parameter  P^  is  Ihc  soliton  peak  pvnrr  and  is  given  by 

-frit  X / 1 .7627  y’/IrfX3  D 
pMk  " 2rrn;  Ukp  = \ It  / «2r  T; 


(12-50) 


where  .4^  is  the  effective  area  of  the  fiber  core.  n j is  the  nonlinear  intensity- 
dependent  refractive-index  coefficient  [see  Eq.  (12-34)],  and  Lu.r  is  measured  in 
km. 


Mi  Example  12-11.  fork  - 1550  nm.  SQjinr.  if;  = 2.6  x 10  ,*emI  W.  and  with 
Ihc  value  of  = 202  km  from  Example  12-10.  we  have  thal  the  soliton  peak 
power  is 

4tn  X (50  pm2)  1550  nm  , 

p"k  " 2irn;  U.p  2.v<2  6 x 10  '*  cm-  /W)  202  km 

This  show  s thal  when  l^„r  is  on  the  order  of  hundreds  of  kilometers,  is  on  the 
ordci  of  a few  milliwatts. 

For  N > I the  soliton  pulse  experiences  periodic  changes  in  its  shape  and 
spectrum  as  it  propagates  through  the  fiber  It  resumes  its  initial  shape  at  multiple 
distances  of  the  soliton  period,  which  is  given  by 

Lfttiai  = ^ f-Jnp  (12-SI) 

As  an  example,  l-tg  12-44  shows  the  evolution  of  a second-order  soliton  <A'  = 2). 
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FIGURE  12-44 

Propagation  charucicruuo  of  a lecond -order  toUlon  (.V  =2) 


12.7.3  Soliton  Width  and  Spacing 

The  soliton  solution  to  the  NLS  equation  holds  to  a reasonable  approximation 
only  when  individual  pulses  are  well  separated.  To  ensure  this,  the  soliton  width 


must  he  a small  fraction  of  the  bit  slot  This  eliminates  use  of  the  non-retura-to* 
zero  (NRZi  formal  that  is  commonly  implemented  in  standard  digital  system* 
Consequently,  the  return-to-zero  (RZ)  format  is  used.  This  condition  thus  con* 
strains  the  achievable  bit  rate,  since  there  is  a limit  on  how  narrow  a soliton  pulse 
can  be  generated 

If  Ta  is  the  width  of  the  bit  slot,  then  wc  can  relate  the  bit  rate  B to  the 
soliton  half-maximum  width  T,  by 


I I 1.7627 
~ TH~  2ru7i,  “ IstiT, 


(12-52) 


where  the  factor  2ao  = Tg/T0  is  the  normalized  separation  between  neighboring 
solitons 

The  physical  explanation  of  the  separation  requirement  is  that  the  overlap- 
ping tails  of  closely  spaced  solitons  create  nonlinear  interactive  forces  between 
them.  These  forces  can  be  cither  attractive  or  repulsive,  depending  on  the  mitul 
relative  phase  of  the  solitons  For  solitons  that  are  initially  in  phase  and  separated 
by  2.*o  » 1.  the  soliton  separation  is  periodic  with  an  oscillation  period!*1** 


£2  = ^expOo) 
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The  mutual  interactive  force  between  in-phase  solitons  thus  results  in  periodic 
attraction,  collapse,  and  repulsion.  The  interaction  distance  isw 

l*f  = ST/^iip  = /'prnod  expiso)  1 12-54) 

This  interaction  distance,  and  particularly  the  ratio  E//L, j„p.  determine  the  max- 
imum bit  rate  allowable  in  soliton  systems. 

These  types  of  interactions  are  not  desirable  in  a soliton  system,  since  they 
lead  to  jitter  in  the  soliton  arrival  times.  One  method  for  avoiding  this  situation  is 
to  increase  *o,  since  the  interaction  between  solitons  depends  on  their  spacing. 
Since  Eq.  (12-52)  is  accurate  for  so  > 3,  this  equation  together  with  the  criterion 
that  ClLd„p  » Lt,  where  Lr  is  the  totul  transmission  distance,  is  suitable  for 
system  designs  in  which  soliton  interaction  can  be  ignored 

Using  Eq.  (12-49)  for  La j,p.  Eq.  (12-52)  for  To,  und  Eq  (3-17)  for  D,  the 
design  condition  QLa„p  » Lj  becomes 

*Lt  * (5)  rh>'xp,'°) - sgsi  <l2-55) 

When  written  in  this  form.  Eq  (12-55)  shows  the  effects  on  the  bandwidth  B or 
the  total  transmission  distunce  Lt  for  selected  values  of  to 


Example  12-12.  Suppose  wc  want  to  transmit  information  at  a rate  of  10  Gb/s  over 
an  8 600- km  I runs- Pacific  soliton  link 

(a)  Since  this  is  a high  data  rate  over  a long  distance,  we  start  by  selecting  a value  of 
j#  = 8 Then,  from  Eq.  (12-53)  we  have  Q = 4682.  Given  that  the  dispersion  length  it 
at  least  100  km.  then  > 4 7 x 10*  km.  which  for  all  practical  purposes  satisfies 

the  condition  fiL*,P  » Li  — 8600  km 

(A)  If  D = 0.5  ps  <nm  km)  oi  1550  nm.  then  Eq.  (12-55)  yields 
B:Lr  « 2.87  x 10'  km(Gb/s)3 

For  a 10-Gb/s  data  rate,  the  transmission  distance  then  must  satisfy  the  condition 

L,  « 2.87  x 10’  km 


This  is  satisfied,  since  the  right-hand  side  is  33  times  greater  than  the  desired  length 
(r)  Using  Eq  (12-52),  wc  find  the  FWHM  soluon  pulse  width  to  be 


T. 


0.881  0.881 
v,  B ~ 8(10  x 10*  b/s)  ** 


id)  The  fraction  of  the  bit  slot  occupied  by  a soliton  when  s#  = 8 is 

T,  0.881  0.881  ... 

— = = — — - 11% 

Tt  So  8 

Note  that  for  a given  value  of  So,  this  is  independent  of  the  bit  rale  For  example,  if 
the  data  rate  is  20  Gb/s.  then  the  FWHM  pulse  width  is  5.5  ps.  which  also  occupies 
1 1 percent  of  the  bit  slot 


514 


OmCAL  NCTWOHILS 


12.8  OPTICAL  CDMA 

In  long-haul  optical  fiber  transmission  links  and  networks,  the  information  con* 
sists  of  a multiplexed  aggregate  data  stream  originating  from  many  individual 
subscribers  and  normally  is  sent  in  a well-timed  synchronous  format  The  design 
goal  of  this  TDM  process  is  to  make  maximum  use  of  the  available  optical  fiber 
bandwidth  for  information  transmission,  since  the  multiplexed  information 
stream  requires  very  high-capacity  links.  To  increase  the  capacity  even  further, 
WDM  techniques  that  make  use  of  the  wide  spectral  transmission  window  in 
optical  fibers  are  employed  As  an  alternative  to  these  techniques  in  a local* 
area  network  (LAN),  optical  code-division  multiple  access  (CDMA)  has  hecn 
examined  44  ,0J  This  scheme  can  provide  multiple  access  to  a network  without 
using  wavelength-sensitive  components  as  in  WDM.  and  without  employing  very 
high-speed  electronic  data-proccsstng  devices  as  arc  needed  in  TDM  networks  In 
the  simplest  configuration,  CDMA  achieves  multiple  access  by  assigning  a unique 
code  to  each  user  To  communicate  with  another  node,  users  imprint  their  agreed- 
upon  code  onto  the  data.  The  receiver  can  then  decode  the  bit  stream  by  locking 
onto  the  same  code  sequence 

The  principle  of  optical  CDMA  is  based  on  spread-spectrum  techniques, 
which  have  been  widely  used  in  mobile-satellite  and  digital-cellular  communica- 
tion systems  106  The  concept  is  to  spread  the  energy  of  the  optical  signal  over  a 
frequency  band  that  is  much  wider  than  the  minimum  bandwidth  required  to  send 
the  information.  For  example,  a signal  that  conveys  10'  b/s  may  be  spread  over.i 
I Mil/  bandwidth  This  spreading  is  done  by  a code  that  is  independent  of  the 
signal  itself  Thus,  un  optical  encoder  is  used  to  mup  each  bit  of  information  into  a 
high-rate  (longer  code-length)  optica!  sequence. 

The  symbols  in  the  spreading  code  are  called  chips,  and  the  energy  density  of 
the  transmitted  waveform  is  distributed  more  or  less  uniformly  over  the  entire 
spread-spectrum  bandwidth.  The  set  of  optical  sequences  becomes  a set  of  unique 
address  codes  or  signature  sequences  for  the  individual  network  users.  In  this 
addressing  scheme,  each  I data  bit  is  encoded  into  a waveform  or  signature 
sequence  »<«)  consisting  of  N chips,  which  represents  the  destination  address  of 
that  bit.  The  0 data  bits  are  not  encoded  Ideally,  all  of  the  signature  sequences 
would  be  mutually  orthogonal,  and  each  receiver  would  process  only  the  address 
signals  intended  for  it.  However,  in  practice,  "nearly  orthogonal"  is  the  best  that 
has  been  accomplished.  Consequently,  there  is  some  amount  of  cross  correlation 
hetween  the  various  addresses  Figure  12-45  illustrates  the  encoding  scheme  Here, 
the  signature  sequence  contains  six  chips.  When  the  data  signal  contains  a I data 
bit,  the  six-chip  sequence  is  transmitted;  no  chips  are  sent  for  a 0 data  bit. 

From  a simplistic  point  of  view,  this  unique  address-encoding  scheme  can  be 
considered  analogous  to  having  numerous  pairs  of  people,  in  the  same  room, 
talking  simultaneously  using  different  languages  Ideally,  each  communicating 
pair  will  understand  only  their  own  language,  so  that  interference  generated  hy 
other  speakers  is  minimal.  Thus,  time-domain  optical  CDMA  allows  a number  of 
users  to  access  a network  simultaneously  through  the  use  of  a common  ware- 
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length.  This  is  particularly  useful  in  ultruhigh-speed  LANs  where  bit  rules  of  more 
than  100  Gb/s  will  be  utilized  (see  Set.  12.9).  A basic  limitation  of  optical  CDMA 
using  a coded  sequence  of  pulses  is  that  us  the  number  of  users  increases,  the  code 
length  has  to  be  increased  in  order  to  maintain  the  same  performance  Since  this 
leads  to  shorter  and  shorter  pulses,  various  ideas  for  mitigating  this  effect  huve 
been  proposed.  Alternatively,  frequency-domain  methods  bused  on  spectral 
encoding  of  broadband  incoherent  sources  (c.g..  LEDs  or  Fabry-Pcfot  lasers) 
have  been  proposed."”  ",7 

Both  asynchronous  and  synchronous  optical  CDM  A techniques  have  been 
examined.  Each  of  these  has  its  strengths  and  limitations  In  general,  since  syn- 
chronous accessing  schemes  follow  rigorous  transmission  schedules,  they  produce 
more  successful  transmissions  (higher  throughputs)  than  asynchronous  methods 
where  network  access  is  random  and  collisions  between  users  can  occur.  In  appli- 
cations that  require  real-time  transmission  such  as  voice  or  interactive  video, 
synchronous  accessing  techniques  arc  most  efficient.  When  the  traffic  tends  to 
be  bursty  in  nature  or  when  real-time  communication  requirements  are  relaxed, 
such  as  in  data  transmission  or  file  transfers,  asynchronous  multiplexing  schemes 
arc  more  efficient  lhan  synchronous  multiplexings 

Figure  12-46  shows  an  optical  CDMA  network  that  is  based  on  the  use  of  a 
coded  sequence  of  pulses  The  setup  consists  of  ,V  transmitter  and  receiver  pairs 
interconnected  in  a star  network  To  send  information  from  node  / to  node  k.  the 
jridress  code  for  node  k is  impressed  upon  the  data  by  the  encoder  at  node  /.  At 
the  destination,  the  receiver  differentiates  between  codes  by  means  of  correlation 
detection.  That  is.  each  receiver  correlates  its  own  address /(ir)  with  the  received 
wgnal  d/i).  The  receiver  output  r(n)  is 

.% 

rin)  = £ Mk]f (A  - n)  (1 2-56) 

t 

If  the  received  signul  arrives  at  the  correct  destination,  then  sin)  =/(«)„  and  Eq 
(12-56)  represents  an  autocorrelation  function  At  an  incorrect  destination, 
i(n)  ■£ /(«).  and  Eq.  (.12-56)  represents  a cross-correlation  function  For  a receiver 
to  be  able  to  distinguish  the  proper  address  correctly,  it  is  necessary  to  maximize 
the  autocorrelation  function  and  minimize  the  cross-correlation  function  This  is 
accomplished  by  selecting  the  appropriate  code  sequence 
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Prime-sequence  codes  and  optical  orthogonal  codes  (OOCs)  arc  the  cum- 
monly  used  spreading  sequences  in  optical  CDMA  systems  l0*  llw  In  addition, 
bipolar  codes  have  been  investigated.’01’11*"112  These  are  particularly  suitable 
for  hybrid  WDMA/CDMA  systems  As  noted  earlier,  some  amount  of  cron 
correlation  exists  among  the  various  optical  sequences,  since  the  codes  devised 
so  far  arc  not  perfectly  orthogonal.  In  optical  orthogonal  codes,  for  example 
there  urc  many  more  zeros  than  ones  in  order  to  minimize  the  overlap  of  different 
code  sequences.  If  the  code  words  overlap  in  too  many  positions,  then  interference 
among  users  will  be  high  In  an  OOC  system  the  number  of  simultaneous  users  V 
is  hounded  by'*4 

where  F is  the  length  of  the  code  sequence  and  K is  the  weight  or  ihe  number  of 
ones  in  the  sequence.  Here,  the  symbol  [,cj  denotes  the  integer  portion  of  the  real 
value  of  a: 

wm  Example  12-13.  Consider  an  optical  orthogonal  code  of  length  F = 32  and  weight 
AT  - 4.  Then,  from  Eq.  (12-5?)  the  maximum  number  of  simultaneous  users  is  V = l 
If  the  code  length  is  increased  lo  100  and  the  same  weight  is  used,  then  eighi  simul- 
taneous users  can  be  supported  A code  with  F — 341  and  K — 5 can  have  N = 17 
unique  addresses 


12.9  LLTRA1IIGH  CAPACITY  NETWORKS 

A major  challenge  in  devising  new  optical  communication  systems  has  been  the 
desire  to  fully  exploit  the  enormous  bandwidth  of  at  least  25  THz  that  optical 
fiber  channels  can  provide  Advances  in  very  dense  WDM  technology.  ultrafait 
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optical  TDM,  and  the  creation  of  clever  techniques  for  mitigating  signal  impair- 
ments have  already  allowed  transfer  rates  in  excess  of  I Tb/s  to  be  achieved  on  u 
single  Tiber  In  addition  to  using  dense  WDM  techniques  to  increase  the 

capacity  of  long-haul  transmission  links,  ultrafast  optical  TDM  schemes  have 
ban  devised  '2’  ,:  These  arc  particularly  attractive  in  local-area  networks 
(LANs)  or  metropolitan-area  networks  (MANs).  In  such  networks,  the  system 
performance  over  the  relatively  short  transmission  distances  is  not  affected  as 
adversely  by  nonlinear  dispersion  effects  as  in  long-haul  links.  In  particular, 
researchers  have  examined  the  application  of  100-Gbs  optical  TDM  schemes 
to  shared-media  local  networks.  Two  candidate  methods  are  bit-interleaved 
TDV1  und  time-slotted  TDM  Although  these  two  techniques  and  WDM  urc 
identical  at  some  level  of  mathematical  abstraction,  they  are  very  different  in 
practical  applications. 


12.9.1  l ltrahigh  Capacity  WDM  Systems 

Higher  and  higher  capacities  arc  continually  being  demonstrated  in  dense  WDM 
systems  Two  approaches  urc  popular  for  achieving  these  increased  capacities 
The  first  is  to  widen  the  spectral  bandwidth  of  EDFAs  from  30  to  tit)  nm  In 
conventional  optical  amplifiers,  this  bandwidth  ranges  from  1530  to  1560  nm 
whereas  by  using  broadening  techniques,  such  as  boosting  the  gain  at  higher 
wavelengths  with  a Raman  fiber  amplifier  the  useable  ElffA  bandwidth  can 
cover  the  I530-to-l610-nm  range  Thus,  the  number  of  wavelengths  that  can  be 
sent  through  the  system  increases  greatly  Die  second  method  for  increasing  the 
capacity  of  a WDM  link  is  to  improve  the  spectral  efficiency  of  the  WDM  signals 
This  will  increase  the  total  transmission  capacity  independent  of  any  expansion  of 
the  EDFA  bandwidth  ."* 

Most  of  the  demonstrations  use  a rate  of  20  Gh  s for  each  individual  wave- 
length in  order  to  avoid  nonlinear  effects.  Two  examples  arc  as  follows 

• A 50-channcl  WDM  system  operating  at  an  aggregated  I -Tb  s rate  over  a 600- 
km  link."* 

• A 132-channel  WDM  system  operating  at  an  aggregated  2.6- Tb/s  rate  over  a 
120-km  link."’1 


12.9.2  Bit-Interleaved  Optical  TDM 

Bu- interleaved  TDM  is  similar  to  WDM  in  that  the  access  nodes  share  many  small 
channels  operating  at  a peak  rate  that  is  a fraction  of  the  media  rate  For 
example,  the  channel  rates  could  vary  from  100  Mb/s  to  I Gb/s.  whereas  the 
time-multiplexed  media  rate  is  around  100  Gb/s.  Figure  12-47  illustrates  the 
basic  concept  of  point-to-point  transmission  using  bit-interleaved  optical  TDM 
A laser  source  produces  a regular  stream  of  very  narrow  return-io-/ero  optical 
pulses  at  a repetition  rate  B.  This  rate  typically  ranges  from  2.5  to  10  Gb  s.  which 


FIGURE  12-47 

Example  of  an  ultrafaal  paillMo-pomt  trummiuion  w»iem  usinj  opnuil  TDM  ( Adapted  «mh  permission  from  Col 
IW7) 
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corresponds  to  the  bit  rate  of  the  electronic  data  tributanes  feeding  the  system  An 
optical  splitter  divides  the  pulse  train  into  N separate  streams.  In  the  example  in 
Fig  12-47.  the  pulse  stream  is  10  Gb/s  and  iV  = 4.  Each  of  these  channels  is  then 
individually  moduluied  by  an  clcclncal  tnbulury  data  source  at  a bit  rate  B The 
modulated  outputs  arc  delayed  individually  by  different  fractions  of  the  clock 
penod.  and  arc  then  interleaved  through  an  optical  combiner  to  produce  an 
aggregate  bit  rate  of  N x B, 

Optical  postamplifiers  and  preamplifiers  ore  generally  included  in  the  link  to 
compensate  for  splitting  und  attenuation  losses  At  the  receiving  end.  the  aggre- 
pte  pulse  stream  is  demultiplexed  into  the  original  N independent  data  channels 
for  further  signal  processing  In  this  technique,  a dock-recovery  mechanism  oper- 
ating at  the  base  bit  rate  B is  required  at  the  receiver  to  drive  and  synchronize  the 
demultiplexer. 

12.9.3  Time-Slotted  Optical  TDM 

In  timf-slaticd  TDM,  the  access  nixies  share  one  fast  channel,  which  is  capable  of 
sending  burst  rutes  at  100  Gb/s.  In  such  systems,  the  generation  of  a high-speed 
signal  with  uniform  pulse  separations  is  important  for  suppressing  crosstalk 
effects  from  adjacent  pulses  and  to  minimize  the  jitter  during  timing  extraction."1 
The  most  important  features  of  time-slotted  optical  TDM  networks  arc  to  provide 
a backbone  to  interconnect  high-speed  networks,  to  transfer  quickly  very  large 
data  blocks,  to  switch  large  aggregations  of  traffic,  and  to  provide  both  high-nite 
and  low-rate  access  to  users.  These  types  of  networks  can  provide  truly  flexible 
bandwidlh-on-demand  services  in  a local  environment  for  bursty  users  that 
may  operate  at  speeds  ranging  from  10  to  100  Gb/s.  as  well  as  accommodating 
aggregates  of  lower-speed  users.  High-end  customers  include  high-speed  video 
servers,  terabyte  media  banks,  and  supercomputers.  The  advantages  of  using 
high-speed  time-slotted  optical  TDM  arc  that,  depending  on  the  user  rales  and 
traffic  statistics,  it  can  provide  improvements  in  terms  of  shorter  user-access  time, 
lower  delay,  and  higher  throughput.  In  addition,  end-node  equipment  is  con- 
ceptually simpler  for  single-channel  versus  multiple-channel  approaches. 


PROBLEMS 

12-1.  An  engineer  plan*  to  construct  an  in-line  optical  fiber  data  bus  operating  at 
10  Mb/*  The  stations  are  to  be  separated  by  100  m.  for  which  optical  fibers  with 
a 3-dB/km  attenuation  arc  used.  The  optical  sources  are  laser  diodes  luring  a 500- 
H W (-3  dBm)  output  from  a fiber  fiylead,  and  the  detectors  are  avalanche  photo- 
diode* with  a I 6-nW  (-58-dBml  sensitivity  Die  couplers  have  n power  tap-off 
factor  of  Cr  = 5 percent  and  a 1 0-perccnt  fractional  intrinsic  loss  f,  The  power 
loss  at  the  conneclors  is  20  percent  (I  dB) 

(a)  Make  a plot  of  P\  *•  in  dBm  a*  a function  of  the  numher  of  station*  ,V  for 
2 < N < 12. 

(/•)  What  it  the  operating  margin  of  the  system  for  eight  stations? 
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(f)  What  is  the  worst-case  dynamic  range  Tor  the  maximum  allowable  numhet  of 
statioax  if  a MB  power  margin  is  required? 

12-2.  Consider  on  /V-node  star  network  in  which  CldBm  of  optical  power  is  coupled  from 
any  given  transmitter  into  the  star  Let  the  fiber  loss  be  0.3  dB  km  Assume  tlx 
stations  are  located  2 km  from  the  star,  the  receiver  sensitivity  is  -38  dBm.  each 
connector  has  a 1-dB  loss,  the  excess  loss  in  the  star  coupler  is  3 dB.  and  the  link 
margin  is  3 dB 

(a)  Determine  the  maximum  number  of  stations  N that  can  be  incorporated  on  litis 
network 

(ft)  How  many  stations  can  be  attached  if  the  receiver  sensitivity  is  -32  dBm? 
12-3.  A two-story  office  building  has  two  10-feet-widc  hallways  pet  floor  that  connect 
four  rows  of  offices  with  eight  offices  per  row  as  is  shown  in  Fig  PI  2-3.  Each  office 
is  a 1 5 feet  x 1 5 feet  square  The  office  ceiling  height  is  9 feet  with  a false  ceding 
hung  I fool  below  the  actual  ceiling  Also  .is  shown  in  Fig.  PI2-3,  there  is  a wiring 
room  for  LAN  interconnection  and  control  equipment  in  one  comer  of  each  floor. 
Every  office  has  a load  area-network  socket  on  each  of  the  two  walls  that  are 
perpendicular  to  the  hallway  wall  If  we  assume  that  cables  can  be  run  only  m 
the  walls  and  in  the  ceilings,  estimate  the  length  of  cable  (in  feet)  that  is  required  for 
the  following  configurations. 

la)  A coaxial  cable  bus  with  a twisted-pair  wire  dtop  from  the  ceding  to  cadi 
outlet 

(ft)  A fiber-optic  star  that  connects  each  outlet  to  the  wiring  room  on  the  corre- 
sponding floor  and  a vertical  fiber-optic  riser  that  connects  the  stars  in  each  wiring 
room. 
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12-4.  Consider  the  M * N grid  of  stations  shown  in  Fig  I* 1 2—4  that  are  to  he  connected 
by  a local-areu  network  Let  the  stations  be  spaced  a distance  d apart  and  assume 
that  interconnection  cables  will  be  run  in  ducts  that  connect  nearest -neighbor 
stations  (ix  , ducts  arc  not  run  diagonally  in  Fig  PI 2-4 1 Show  that  for  the  follow- 
ing configurations,  the  cable  length  lor  interconnecting  the  stations  is  as  slated 
(ul  (MS  - I id  lot  a bus  configuration 
(hi  USJ  for  a ring  topology 

(e)  MS(M  s iV  2W//2  for  a star  topology  where  each  subscriber  is  connected 
irulivitfually  to  the  network  hub  which  is  located  in  one  corner  of  the  gnd 
12-5.  Consider  the  W « V rectangular  grid  of  computer  stations  shown  in  Fig  PI2-4 
where  the  spacing  between  stations  is  d Assume  these  stations  arc  to  be  connected 
by  a star-configured  LAN  using  the  duct  network  shown  in  the  figure 
Furthermore,  assume  that  each  station  is  connected  to  the  central  star  by  means 
of  its  own  dedicates!  cable 

(ul  If  m and  n denote  the  relative  position  of  the  star,  show  that  the  total  cable 
length  l.  needed  to  connect  the  stations  is  given  by 

L = \MStM  + S + 2)/2  - Nm t W m t I)  - \1n\\  - n + 1 1|*/ 

(hi  Show  that  if  the  star  is  located  in  one  comer  of  the  grid,  then  this  expression 
becomes 


MN(t4  + N -2W/2 

(r)  Show  that  the  shortest  cable  length  is  obtained  when  the  stat  is  at  the  center  of 
the  grid 
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12-6.  Here,  do  not  resort  to  wavelength  conversion  hut  assume  that  wavelengths  can  be 
reused  in  different  parts  of  a network 

(<j)  Show  that  the  minimum  number  of  wavelengths  required  to  connect  S'  nodes  in 
a WDM  network  is  as  follows 

• N - I for  a star  network 

• (N/2)*  for  .V  even  or  (A  - IX.V  + l)/4  for  A'  odd  in  a bus  network 

• N(N  — I )/2  for  a nng  network, 

(/»)  Draw  example  networks  and  their  wavelength  assignments  for  N = 3 and  4 
(c)  Plot  the  number  of  wavelengths  versus  the  number  of  nodes  for  star.  bus.  and 
nng  network*  for  2 < N < 20 

12-7.  Compare  the  system  margin*  for  40-km  and  XO-km  long-haul  OC-4K  (STM-16) 
link*  at  1 550  nm  for  the  minimum  and  maximum  source  output  ranges  Assume 
there  i*  a I 5-dB  coupling  loss  at  each  end  of  the  link  Use  Tables  12-4  afld  12*5. 
12-S.  Verify  that  the  maximum  optical  powers  per  wavelength  channel  given  in  Table 
12*6  yield  a totul  power  level  of  1 17  dBm  in  an  optical  fiber 
12-9.  Two  SONET  rings  need  to  be  interconnected  at  two  mutual  nodes  in  order  to 
ensure  redundant  path*  under  failure  conditions  Draw  the  tntciconncction 
between  two  bidirectional  line-switched  |Bl-SR)  SONET  nng*  showing  the  primary 
and  secondary  path  setup*  that  designate  the  signal  Hows  under  normal  and  failure 
conditions.  In  designing  the  interface,  consider  the  following  possible  failure  con- 
ditions of  the  two  mutual  nodes 

(u)  Failure  of  a transmitter  or  receiver  in  one  of  the  nodes. 

(6)  Failure  of  an  enure  node 

(c)  A fiber  break  in  the  link  between  the  two  nodes. 

12-10.  Similar  to  Prob  12-9.  draw  the  interconnection  between  a UPSR  and  a BLSR. 
12-11.  Consider  the  four-node  network  shown  in  Fig  PI2-I I . Each  node  uses  u different 
combination  of  three  wavelengths  to  communicate  wtth  the  other  nodes.  *o  that 
there  are  six  different  wavelengths  in  the  network  Given  that  node  I urn  k>.  m. 
and  At  for  information  exchange  with  the  other  nodes  (i.e.,  these  wavelengths  art 
added  and  dropped  at  node  I.  and  the  remaining  wavelength*  from  other  node* 
pass  through),  establish  wavelength  assignment*  for  the  other  nodes  Show  this  by 
means  of  the  following  table,  where  we  assume  that  a transmitter  at  any  given  node 
docs  not  commumcutc  to  the  receiver  at  that  node. 
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12-12.  Consider  4 1/!.*)  = (3.2)  ShufflcNel. 

(a)  Draw  the  interconnection*  between  the  node*  us  in  Fig  1 2- IK 
(A)  How  many  wavelength*  are  needed  in  the  network? 

(r)  Find  the  average  number  of  hop* 

<»/)  If  each  wavelength  came*  a bit  rate  of  I Gb/s.  find  the  total  network  capacity 
12-1 .1.  If  the  routing  algorithm  in  ShufTlcNct  balance*  the  traffic  load  on  all  channel*,  then 
the  channel  efficiency  u given  by  rj  - I ///,  where  //  is  the  average  number  of  hops 
given  by  Eq  (12-20)  Plot  the  channel  efficiency  n os  a function  of  the  degree  of 
connectivity  p (i  e . the  number  of  transceiver  pairs  per  node)  Tor  values  of  * = 2.  3. 
and  4 over  the  range  I < p < 10, 

12-14.  Dense  Eq  (12-20)  by  counting  the  number  of  node*  that  are  h hop*  away  from  any 
given  source  node  for  a ( p. A)  ShutfieNet.  where  I < h < Ik  - I.  and  then  summing 
these  numbers  over  * 

12-15.  Figure  P12-1S  show*  two  architecture*  in  which  switches  share  wavelength  con- 
verters for  cost-saving  purpose*.41’  Find  a set  of  wavelength  connections  that  can  be 
set  up  with  the  sharc-pcr-nodc  architecture  in  Fig.  PI2-l5o  bui  not  with  the  share- 
per-hnk  architecture  in  Fig  I’ 1 2- ISA.  and  vice  versa 
12*16.  Consider  the  network  consisting  of  three  interconnected  ring*,  shown  in  Eig  P12- 
16  Here,  ihc  ancles  repteseni  nixies  that  contain  optical  switches  and  wavelength 
converters  these  nodes  can  receive  two  wavelengths  from  any  direction  and  can 
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transmit  them  out  over  uny  line  The  squares  urc  access  stations  that  have  tunable 

optical  transmitters  and  receivers  (both  wavelengths  can  lie  transmitted  and 

received  at  any  access  station)  Suppose  tire  network  has  two  wavelengths  available 

to  set  up  the  following  paths 

(a)  A- 1 -2-5-6- F 

(ft)  B-2-3-C 

(c)  B-2-5-8-H 

{d\  G-7-8-5-6-F 

(e)  A-1-4-7-G 

Assign  the  two  wavelengths  to  these  paths  and  show  at  which  nodes  wavelength 
conversion  is  needed 

12-17.  Analogous  to  Ftg  12-24.  use  Eq.  (12-27)  to  plot  the  gam  G = q//>  as  a function  of 
the  number  of  wavelengths  F for  blocking  probabilities  = III-*  and  10  1 Lise 
the  same  hopping  number  values  //  = 5.  10.  and  20  For  //  = 20.  plot  G versus  F 
on  the  same  graph  for  blocking  probabilities  /’*  =10  10  4,  and  ID‘}  What  is 

the  effect  on  the  gain  as  the  blocking  probability  increases’ 

12-18.  Consider  three  copropa gating  optical  signuls  at  frequencies  iq,  in,  and  v». 

(а)  If  these  frequencies  are  evenly  spaced  so  that  a,  = in  - Av  and  v>  = vj  + Ac. 
where  Av  is  an  incremental  frequency  change,  list  the  third-order  waves  that  arc 
generated  due  to  FWM  and  plot  them  in  relation  to  the  original  three  waves  Note 
that  several  of  these  FWM-generated  waves  coincide  with  the  original  frequencies 

(б)  Now  examine  the  case  when  vi  = in  - Av  and  vj  = vj  + (3/2)Av 

Find  the  FWM-generated  frequencies  and  plot  them  in  relation  to  the  original  three 
waves, 

12-19.  A detailed  expression  for  the  IWM  efficiency  t\  is  given  hy5’ 

g3  T 4cxp(-gf  )sin3(A/l  f./2)~| 
n " ^Ta^L  + (I  — esp< -aL)f  J 

where  the  factor  A/1  is  the  difference  of  the  propagation  constants  of  the  various 
waves  due  to  dispersion,  and  is  given  by 

2rri.3  T X3  JD 

A/l  = |v,  - V||  x |v,  - Ml  fHw,)-)-— — (|v,  - v\>|  + - 

Here,  the  value  of  the  dispersion  D{vo)  and  its  slope  ilD/dK  are  taken  at  the  optical 
frequency  iu  l Wing  these  expressions  in  Fq  ( 12-37).  plot  the  ratio  of  the  generated 
power  /*nj  to  the  transmitted  channel  power  Pi  a*  a function  of  the  channel 
spacing  for  two  7-dHm  channels  Find  this  ratio  for  the  following  dispersion 
and  wavelength  values: 

(u)  D = 0 ps/(nm  km)  and  A = 1556.6  run. 

(6)  D - 0.13  p»  Inm  km)  and  X = 1556  I nm 
(c)  D = 1.64  p«>inm  km)  and  A = 1537,2  nm 

Let  the  frequency  spacing  of  the  two  channels  range  from  0 to  250  GHz  In  each 
case,  take  i//)/i/A  = O08  pv'(nm:  kml.  n = ft 0461  km1,  L = II  km.  and 
,4,-n  - 55  /tm*  For  xim  and  use  the  values  given  in  Example  12-8 
12-20.  A soliton  transmission  system  operates  at  1550  nm  with  fibers  that  have  a disper- 
sion of  I 5 ps/tnm  km)  and  an  effective  core  area  of  50  |im!  Find  the  peak  power 
required  for  fundamental  Millions  that  have  a 16-ps  FWHM  width  Use  the  value 
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r>:  =2.6  x 10  14  cnr/W  What  are  (he  dispersion  length  and  the  sohton  period? 
Whiit  n the  required  peak  power  for  30- ps  pulses? 

12-21.  A telecommunications  service  provider  wants  a single-wavelength  Million  transmis- 
sion system  that  is  to  operate  at  40  Gb  /*  over  a 2000-km  distance  How  would  you 
design  such  a system"'  You  are  Free  to  choose  whatever  components  and  design 
parameters  arc  needed. 

12-22.  Create  a cost  model  for  the  soltton  system  designed  in  Prob  12-21.  so  that  the 
service  provider  can  determine  the  funding  required  for  the  project 

12-23.  Consider  a WDM  system  that  utilizes  two  soliton  channels  at  wavelengths  A,  and 
Aj  Since  different  wavelengths  travel  at  slightly  different  velocities  in  a fiber,  the 
solitons  of  the  faster  channel  will  gradually  overtake  and  pass  through  the  dower- 
channel  solitons  If  the  collision  length  /L< „n  is  defined  as  the  distance  between  the 
beginning  and  end  of  the  pulse  overlap  at  the  half-power  points,  then 

/ - 1T‘ 
cuU  nsi. 

where  AX  = k\  - X}.  T,  is  the  pulse  FWHM,  and  P ts  the  dispersion  parameter 
(u)  What  is  the  collision  length  for  T,  = 16  p».  D = 0.5  pv(nm  km),  and  Ax  - 0 1 
ntn? 

(6)  Four-wavc-mixing  effects  arise  betwen  the  soliton  pulses  during  their  collision, 
but  then  collapse  to  zero  afterwards  To  avoid  amplifying  these  effects,  the  condi- 
tion Lci* | » 2L„mp  should  be  satisfied,  where  /.aow  is  the  amplifier  spacing  What  i» 
the  upper  hound  for  l.tmf  for  the  above  ease? 

Based  on  the  conditions  described  in  Prob.  12-23.  what  is  the  maximum  number  of 
allowed  wavelength  channels  spaced  0.4  nm  apart  in  a WDM  sohton  system  when 
A*„,P  = 25  km,  T,  = 20  ps,  and  D = 0.4  ps'fnm  km)? 

The  bit-error  probability  of  an  ideal  (0.  1 (-sequence  code,  such  as  an  optical  ortho- 
gonal code,  can  be  described  by  its  upper  bound101 


12-24. 

12-25. 


(L-  l)! 

( L - I - 0!i! 


l-l-< 


where,  as  described  in  Eq  (12-571.  F is  the  length  of  the  code  sequence.  A is  the 
weight  of  the  axle,  and  L denotes  the  number  of  active  users  on  the  network  The 
maximum  value  of  L is  given  by  Eq.  (12-57).  Plot  Pg(L)  as  a function  of  the 
number  of  active  users  L (over  the  range  A"  < / < A)  for  the  following  three  values 
of  A"  and  F 

(a)  A"  =3  and  F = 121 
(A)  A"  = 4 and  F = 241 
(r)  A = 5 and  F = 401 

Note  which  code  weight  and  sequence  length  gives  the  lowest  error  probability. 
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MEASUREMENTS 


The  design  and  installation  of  an  optical  fiber  communication  system  require 
measurement  techniques  for  verifying  the  operational  characteristics  of  the  con- 
stituent components  Of  particular  importance  are  accurate  and  precise  measure- 
ments of  the  optical  fiber,  since  this  component  cannot  be  readily  replaced  once  it 
has  been  installed.  Two  basic  groups  of  people  are  interested  in  fiber  character- 
ization. These  are  the  manufacturers,  who  arc  concerned  with  the  matcnuls  com- 
position and  fabrication  effects  on  fiber  properties,  and  the  system  engineers,  who 
must  have  sufficient  data  on  the  fiber  to  perform  meaningful  design  calculations 
and  to  evaluute  systems  during  installation  and  operation. 

During  the  design  phase,  the  fiber  parameters  of  interest  for  multimode 
fibers  arc  the  core  and  cladding  diameters,  numerical  uperture.  rcfruetivc-index 
profile,  fiber  attenuation,  and  dispersion.  For  single-mode  fibers,  the  important 
characteristics  are  the  effective  cutofT  wavelength,  the  mode-field  diameter,  fiber 
attenuation,  and  dispersion.  Generally,  the  fiber  manufacturer  can  supply  the 
values  for  these  parameters  The  fiber  geometry,  rcfruelivc-indcx  profile,  numer- 
ical aperture.  cutofT  wavelength,  and  mode-field  diameter  are  not  expected  to 
change  during  cable  manufacture,  installation,  and  operation  Thus,  once  these 
parameters  arc  known,  there  is  no  need  to  remeasure  them 

However,  the  attenuation  and  dispersion  of  a fiber  can  chungc  during  fiber 
cabling  and  cable  installation.  In  single-mode  fibers,  chromatic  and  polarization- 
mode  dispersions  are  important  factors  that  limit  the  bandwidth-distance 
product.  Furthermore,  modal  dispersion  effects  also  need  to  be  examined  in 
mulumodc  fibers  For  example,  microbends  can  cause  additional  loss  in  the 
fiber,  and  modal  redistribution  at  fiber  joints  can  significantly  affect  the  modal 
dispersion  when  several  sections  of  fiber  cables  are  connected  in  senes  Chromatic 
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dispersion  effects  are  of  particular  importance  in  high-speed  WDM  links,  and 
polarization-mode  dispersion  cun  ultimately  limit  the  highest  achievable  data 
rate  in  single-mode  links  Measurement  procedures  for  these  parameters  arc 
thus  of  interest  to  the  user,  as  are  methods  for  locating  breaks  und  faults  in  optical 
fiber  cables. 

In  addition  to  optical  fiber  parameters,  system  engineers  arc  interested  in 
knowing  the  characteristics  of  passive  splitters,  connectors,  and  couplers,  and 
those  of  electro-optic  components,  such  as  sources,  photodetcctors.  und  optical 
amplifiers  furthermore,  when  a link  is  being  installed  and  tested,  the  operational 
parameters  of  interest  include  hit-error  rate,  tuning  jitter,  and  signnl-to-noise  ratio 
as  indicated  by  the  eye  pattern  During  actual  operation,  measurements  arc 
needed  for  maintenance  and  monitoring  functions  to  determine  factors  such  as 
fault  locations  in  libers  and  the  status  of  remotely  located  optical  amplifiers 

This  chapter  discusses  measurements  and  performance  tests  of  interest  to 
designers  and  users  of  fiber  optic  links  and  networks.  Measurements  of  the  invar- 
iant fiber  characteristics  tgeometry,  MI  D.  refractive  indices,  etc.)  are  not  con- 
sidered here,  owing  to  space  limitation.  The  interested  reader  is  referred  to  several 
comprehensive  works  in  this  area.1  * Of  particular  interest  here  are  measurements 
for  WDM  links.  Figure  13-1  shows  some  of  the  relcvunt  lest  parameters  and  at 
what  points  in  a WDM  link  they  are  of  importance 

In  Sees.  13.1  and  13.2.  respectively,  this  chapter  first  addresses  measuremeni 
standards  and  basic  test  equipment  for  optical  fiber  communication  links.  Section 
13.3  discusses  attenuation  measurements,  and  Sec  1 .3.4  explains  methods  for 
measuring  modul,  chromatic,  and  polarization-mode  dispersion.  The  operation 
of  an  instrument  for  field  evaluations  of  fihers  is  explained  in  Sec,  13.5.  The  final 
two  sections,  respectively,  cover  eye  patterns  and  their  evaluations,  and  the  use  of 
an  optical  spectrum  unulyzer  for  characterizing  the  spectral  response  of  optical 
sources  and  for  testing  EDFAs. 
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FIGURE  13-1 

Component*  ol  a typical  WDM  link  and  some  perfiifmancc-ntc.i«urcmeril  parameters  of  user  mlernt 


I V!  Ml  AM.  MMEVT  ST  ANDARDS  AND  TEST  PROCEDURES 


13.1  MEASUREMENT  STANDARDS  AND 
TEST  PROCEDURES 


Before  delving  into  measurement  techniques,  let  us  first  look  at  what  standards 
exist  for  fiber  optics.  There  are  three  basic  classes  of  standards:  primary  stand- 
ards. component  testing  standards,  and  system  standards. 

Primary  standards  refer  to  measuring  and  characterizing  fundamental  phy- 
sical parameters,  such  as  attenuation,  bandwidth,  mode-field  diameter  for  single- 
mode  fibers,  and  optical  power  In  the  United  States,  the  main  organization 
involved  in  primary  standards  is  the  National  Institute  of  Standards  and 
Technology  (NIST).  This  organization  carries  out  fiber  optic  and  laser  standard- 
ization work  at  Boulder.  Co!orado.v  and  it  sponsors  an  annual  conference  on 
optical  fiber  measurements  " Other  national  organizations  include  the  National 
Physical  Laboratory  (NPL)  in  the  United  Kingdom"  and  the  Physikalisch- 
Tcchnischc  Bundesanstalt  (PTB)  in  Germany. 12 

Component  texting  standards  define  relevant  tests  for  fiber-optic  component 
performance,  and  they  establish  equipment-calibration  procedures  Several  differ- 
ent organizations  are  involved  in  formulating  testing  standards,  some  very  active 
ones  being  the  Telecommunication  Industries  Association  (TTA)1 ' in  association 
with  the  Electronic  Industries  Association  ( HI  A >, 1 4 the  Telecommunication 
Standardization  Sector  of  the  International  Telecommunication  Union  (ITU- 
T).1  and  the  International  Electrotechnical  Commission  (IEC).1*  The  TIA  has 
a list  of  over  120  fiber  optic  test  standards  und  specifications  under  the  general 
designation  T1A  EIA-4S5-TT-  YY.  where  XX  refers  to  a specific  measurement 
technique  and  >T  refers  to  the  publication  year.  These  standards  are  also  called 
Liber  Optic  Test  Procedures  (EOTP).  so  thul  TIA  EIA-455-.V.V  becomes  FOTP- 
XX  These  include  a wide  variety  of  recommended  methods  for  testing  the 
response  of  fibers,  cables,  passive  devices,  and  elcctro-optic  components  to  envir- 
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nm  band  Wavelength  scans,  with  an  output  power  that  is  flat  across  the  scanned 
spectral  band,  can  be  done  automatically.  The  minimum  output  power  of  these 
instruments  is  -10  dBm  and  the  absolute  wavelength  accuracy  is  typically  ±0  I 
nm 

13.2.4  Optical  Spectrum  Analyzers 

Optical  spectrum  analyzers  measure  optical  power  as  a function  of  wavelength. 21 
The  most  common  implementation  uses  a diffruction-grating-based  optical  filter, 
which  yields  wavelength  resolutions  to  less  than  0.1  nm.  Higher  wavelength  accu- 
racy (±0.001  nm)  is  achieved  with  wavelength  meters  based  on  Michclson  inter- 
ferometry. To  measure  very  narrow  Imcwidths— for  example,  the  10-MHz 
lincwidlh  of  a typical  single-frequency  semiconductor  laser— optical  spectrum 
analyzers  employing  homodyne  and  heterodyne  techniques  are  used.  Figure 
13-5  shows  a general-purpose  optical  spectrum  analyzer  with  a typical  measure- 
ment trace  on  the  display  screen. 

13.2.5  Optical  Time-Domain  Reflectometer 
(OTDR) 

The  long-term  workhorse  instrument  in  fiber  optic  systems  is  the  OTDR.  In 
addition  to  locating  faults  within  an  optical  link,  this  instrument  measures  para- 
meters such  as  atlenuulion.  length,  connector  and  splice  losses,  and  reflectance 
levels.  A typical  OTDR  consists  of  an  optical  source  and  receiver,  a data-acquisi- 
non  module,  a central  processing  unit  (CPU),  an  information-storage  unit  for 
retaining  data  either  in  the  internal  memory  or  on  an  external  disk,  and  a display. 
Figure  13-6  shows  an  example  of  a versatile  portable  unit  for  making  measure- 
ments in  the  field 

Figure  13-7  shows  the  basis  of  the  OTDR  technique.  An  OTDR  is  funda- 
mentally an  optical  radar.  It  operates  by  periodically  launching  narrow  laser 
pulses  into  one  end  of  a fiber  under  tesi  by  using  either  a directional  coupler  or 
a beam  splitter.  The  properties  of  the  optical  fiber  link  are  then  determined  by 
analyzing  the  amplitude  and  temporal  characteristics  of  the  waveform  of  the 


FIGURE  13-5 

A general- purpme  optical  tpcctrum 
analy/et  (OSA)  with  a typical  men 
luremcni  trace  nn  the  dupta) 
screen.  (Model  HP-70951  A.  pro- 
vided courtciy  of  Hewlett-Packard 
Co.) 
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backscattcred  light  The  various  applications  of  an  OTDK  and  the  interpretation 
of  the  backscattcred  waveform  are  described  in  Sec  13.5. 


13.2.6  Multifunction  Optical  Test  Systems 

For  laboratory,  manufacturing,  and  quality-control  environments,  there  arc 
instruments  with  exchangeable  modules  for  performing  a variety  of  measure- 
ments. Figure  13-8  shows  an  example  from  EXFO,  which  includes  a basic  mod- 
ular mainframe  and  an  expansion  unit.  The  mainframe  is  a microprocessor -based 
unit  that  coordinates  data  compilation  and  analyses  from  variety  of  test  instru- 
ments, This  test  system  can  control  external  instruments  that  have  RS-232  com- 
munication capability,  and  it  has  a networking  capability  for  remote  access  from  a 
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FIGURE  I V* 

Mullifunclion  PC -hovctl  optical  tcul  »>i- 
tcm  iMixIcl  IQ- 20)  mainframe  and  IQ- 
2t*>  expansion  unit,  provided  cuurterv 
of  EXFO  E O Engineering.  Inc  I 


computer  The  plug-in  modules  cover  a wide  range  of  test  capabilities.  Example 
functions  include  single-channel  or  multichannel  power  meter.  ASE  broadband 
source,  tunable-laser  source,  vunuble  attenuator  optical  spectrum  analyzer,  and 
PMD  analyzer 


13.3  ATTENUATION  MEASUREMENTS 

Attenuation  of  optical  power  in  a liber  waveguide  is  a result  of  absorption  pro- 
cesses. scattering  mechanisms,  and  waveguide  effects.  The  manufacturer  is  gen- 
erally interested  in  the  magnitude  of  the  individual  contributions  to  attenuation, 
whereas  the  system  engineer  who  uses  the  liber  is  more  concerned  with  the  total 
transmission  loss  of  the  fiber  Here,  we  shall  treat  only  measurement  techniques 
for  total  transmission  loss  as  described  in  various  FOTPs  and  in  ITU-T 
Recommendations  G.650  for  single-mode  fibers  and  G.65I  for  graded-mdex 
multimode  fibers 

Three  basic  methods  arc  available  for  determining  attenuation  in  fibers.  The 
earliest  devised  and  most  common  approach  involves  measuring  the  optical  power 
truasmittcd  through  a long  and  a short  length  of  the  same  fiber  using  identical 
input  couplings.  This  method  is  known  us  the  cutback  technique.  A less  accurate 
but  nondestructive  method  is  the  insertion-loss  method,  which  is  useful  for  cables 
with  connectors  on  them  These  two  methods  are  described  in  this  section  Section 
13.5  describes  the  third  technique,  which  involves  Ihc  use  of  an  OTDR. 

13.3.1  The  Cutback  Technique 

The  cutback  technique,22"  ' which  is  a destructive  method  requiring  access  to  both 
ends  of  the  fiber,  is  illustrated  in  Eig.  13-**.  Measurements  may  be  made  at  one  or 
more  specific  wavelengths,  or.  alternatively,  a spectral  response  may  he  required 
over  a runge  of  wavelengths.  To  find  the  transmission  loss,  the  optical  power  is 
first  measured  at  the  output  (or  far  end)  of  the  fiber  Then,  without  disturbing  the 
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FIGURE  13-9 

SchemjiK  experimental  x-lup  for  itirtcrnnmng  fiber  attcnuiillon  by  the  cutback  technique  rhe  optical 
power  u lint  measured  at  the  I .-at  end.  then  the  filter  is  cut  at  the  neat  end,  ami  the  power  output  there 
Is  measured 


input  condition,  the  fiber  is  cut  o(T  a few  meters  from  the  source,  and  the  output 
power  at  this  near  end  is  measured  If  Pf  and  Py  represent  the  output  powers  of 
the  far  and  near  ends  of  the  fiber,  respectively,  the  average  loss  u in  decibels  per 
kilometer  is  given  by 


where  L tin  kilometers)  Is  the  separation  of  I he  two  measurement  points  The 
reason  for  following  these  steps  is  that  it  is  extremely  difficult  to  calculate  the 
exact  amount  of  optical  power  launched  into  a fiber.  By  using  the  cutback 
method,  the  optical  power  emerging  from  the  short  fiber  length  is  the  input 
power  to  the  fiber  of  length  I. 

In  carrying  out  this  measurement  technique,  special  attention  must  be  paid 
to  how  optical  power  is  launched  into  the  fiber  This  is  because,  in  a multimode 
fiber,  different  launch  conditions  can  yield  different  loss  values.  'Hie  effects  of 
modal  distributions  in  (he  multimode  fiber  that  result  from  different  numerical 
apertures  and  spot  sizes  on  the  launch  end  of  the  fiber  are  shown  in  Fig  13-10  If 
the  spol  size  is  small  and  its  NA  is  less  than  that  of  the  fiber  core,  the  optical 
power  is  concentrated  in  the  center  of  the  core,  as  Fig.  1 3- 1 Do  shows.  In  this  ease, 
the  attenuation  contribution  arising  from  htgher-ordcr-modc  power  loss  is  negli- 
gible In  Fig  1 3-10/s  the  spot  size  is  larger  than  the  fiber  core  and  the  spot  NA  is 
lurger  than  that  of  the  fiber.  For  this  overfilled  condition,  those  parts  of  the 
incident  light  beam  that  fall  outside  of  the  fiber  core  and  outside  of  the  fiber 
NA  arc  lost  In  addition,  there  is  a large  contribution  to  the  attenuation  arising 
from  higher-mode  power  loss  (sec  Sees  5.1  und  5.3). 

Steady-state  cquiltbrium-mode  distributions  arc  typically  achieved  by  the 
mandrel-wrap  method  :4  In  this  procedure,  excess  higher-order  cladding  modes 
that  are  launched  b>  initially  overexciting  the  fiber  arc  filtered  out  by  wrapping 
several  turns  of  fiber  around  a mandrel,  which  is  ubout  1.0  1.5  cm  in  diameter.  In 
single-mode  fibers,  this  type  of  mode  filter  is  used  to  eliminate  cladding  modes 
from  the  fiber 
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FIGURE  13-10 

The  efTecti  of  Launch  numerical  aperture  ami  »pol  me  on  the  modal  Jmnbution.  (a)  Underfilling  the 
fiber  exciter  only  lower-order  mode*,  |h|  an  overfilled  fiber  ha*  excess  altcnualion  from  higher-order 
mode  low 


13.3.2  Insertion-Loss  Method 

For  cables  with  connectors,  one  cannot  use  the  cutback  method  In  this  case,  one 
commonly  uses  an  insertion-loss  technique  This  is  less  accurate  than  the  cutback 
method,  but  is  intended  for  field  measurements  to  give  the  total  attenuation  of  a 
cable  assembly  in  decibels. 

The  basic  setup  is  shown  in  Fig.  13-11.  where  the  launch  and  detector 
couplings  are  made  through  connectors.  The  wuvclenglh-tunahlc  light  source  is 
coupled  to  a short  length  of  fiber  that  has  the  same  basic  characteristics  as  the 
fiber  to  be  tested.  For  multimode  fibers,  a mode  scrambler  is  used  to  ensure  that 
the  fiber  core  contains  an  equilibrium-mode  distribution  In  single-mode  fibers,  a 
cladding-mode  stripper  is  employed  so  that  only  the  fundamental  mode  is  allowed 
to  propagate  along  the  fiber.  A wavelength-selective  device,  such  as  an  optical 
filter,  is  generally  included  to  find  the  attenuation  as  a function  of  wavelength 

To  carry  out  the  attenuation  tests,  the  connector  of  the  short-length  launch- 
ing fiber  is  attached  to  the  connector  of  the  receiving  system  and  the  launch-power 
level  /MX)  is  recorded  Next,  the  cable  usvembly  to  be  tested  is  connected  between 
the  launching  and  receiving  systems,  and  the  received-power  level  P;(X)  is 
recorded  The  attenuation  of  the  cable  in  decibels  is  then 

This  attenuation  is  the  sum  of  the  loss  of  the  cabled  fiber  und  the  connector 
between  the  launch  connector  and  the  cable 
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13.4  DISPERSION  MEASUREMENTS 

Three  baste  farms  of  dispersion  produce  pulse  broadening  of  light  wave  signals  in 
optical  fibers,  thereby  limiting  the  information-carrying  capacity  In  multimode 
fibers,  intcrmodnl  dispersion  arises  from  the  fact  that  each  mode  in  an  optical 
pulse  travels  a slightly  different  distance  and  thus  arrives  at  the  fiber  end  at 
slightly  offset  times.  Chromatic  dispersion  stems  from  the  variation  in  the  propa- 
gation speed  ol  the  individual  wavelength  components  of  an  optical  signal 
Polarization-mode  dispersion  arises  from  the  splitting  of  a polarized  signal  into 
orthogonal  poiurization  modes,  each  of  which  has  a different  propagation  speed 
There  arc  many  ways  to  measure  the  various  dispersion  effects.  Here,  we 
look  at  some  common  methods 

13.4.1  InU-rmodal  Dispersion 

For  practical  purposes  in  evaluating  inlermodal  dispersion,  the  liber  can  be  con- 
sidered as  a filter  characterized  b\  an  impulse  response  h{t)  or  by  a power  transfer 
function  //<  / ).  which  is  the  Fourier  transform  of  the  impulse  response  >,r  Either 
of  these  cun  be  measured  to  determine  the  pulse  dispersion.  The  impulse-response 
measurements  urc  made  in  the  time  domain,  whereas  the  power  transfer  function 
is  measured  in  the  frequency  domain 

Both  the  time-domain  and  frequency-domain  dispersion  measurements 
assume  that  the  liber  behuves  quasi-hneariy  in  power,  that  is.  the  individual  over- 
lapping output  pulses  from  an  optical  waveguide  can  be  treated  us  adding  linearly 
The  behavior  of  such  a system  in  the  lime  domain  is  described  simply  as 

\rn 

Pow(f)  = *(0 * Pto(')  = P,„(r  - r)/i(r)  dr  ft3-J) 

J-r/J 
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That  is,  the  output  pulse  response  p0 „,(/)  of  the  fiber  can  be  calculated  through  the 
convolution  (denoted  by  ♦)  of  the  input  pulse  pM(t)  and  the  power  impulse  func- 
tion hit ) of  the  fiber  The  period  T between  the  input  pulses  should  be  taken  to  be 
wider  than  the  expected  tune  spread  of  the  output  pulses. 

In  the  frequency  domain.  Eq.  < 1 3-3)  can  be  expressed  as  the  product  (see 
App.  E) 

P0»Lf)  = W(/)/UD  (13-*) 

Here.  H(f).  the  power  trunsfer  function  of  the  fiber  at  the  baseband  frequency  /. 
is  the  Fourier  transform  of  hit): 

Hi/)  = P h(t)  e'^di  (13-5) 

and  P„ a,i/ ) and  Pm(f)  arc  the  Fourier  transforms  of  the  output  and  input  pulse 
responses  poulit)  and  />,„</).  respectively: 

Pi/)=  I*  pH)  rilMt,dt  (13-6) 

J-OQ 

The  transfer  function  of  a fiber  optic  cable  is  of  importance  because  it  contains  the 
bandwidth  information  of  the  system.  For  pulse  dispersion  to  be  negligible  in 
digital  systems,  one  of  the  following  approximately  equivalent  conditions  should 
be  satisfied:  (I)  the  fiber  transfer  function  must  not  roll  off  to  less  than  0.5  of  its 
low-frequency  value  for  frequencies  up  to  half  the  desired  bit  rate,  or  (2)  the  rms 
width  of  the  fiber  impulse  response  must  be  less  than  one-quarter  of  the  pulse 
spacing 


13.4.2  Time-Domain  Intennodal  Dispersion 
Measurements 

The  simplest  approach  for  making  pulse-dispersion  measurements  in  the  time 
domuin  is  to  inject  a narrow  pulse  of  optical  energy  into  one  end  of  an  optical 
fiber  and  detect  the  broadened  output  pulse  at  the  other  end  ,:g  Figure  13-12 
illustrates  a setup  for  this  Here,  output  pulses  from  a laser  source  are  coupled 
through  u mode  scrambler  into  a lest  fiber  The  output  of  the  fiber  is  measured 
with  a sampling  oscilloscope  that  has  a built-in  optical  receiver,  or  the  signal  can 
be  detected  with  an  external  pholodctcctor  and  then  measured  with  a regular 
sampling  oscilloscope  Next,  the  shape  of  the  input  pulse  is  measured  the  same 
way  by  replacing  the  test  fiber  with  a short  reference  fiber  that  has  a length  less 
than  1 percent  of  the  test  fiber  length.  This  reference  fiber  can  be  a vhori  length 
cut  from  the  test  fiber  or  it  can  be  a fiber  segment  that  has  similar  properties.  The 
variable  delay  in  the  trigger  line  is  used  to  offset  the  difference  in  delay  between 
the  lest  fiber  and  the  shorter  reference  fiber 

From  the  output  pulse  shape,  an  rms  pulse  width  a.  as  defined  in  Fig  13-13. 
can  be  calculated  by 
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PoU,{l)  dl 


where  the  comer  lime  i of  the  pulse  is  determined  from 


(13-7) 


/ = 


L 


vw<n  dt 


z 


PouiU t dt 


(13-8) 
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The  evaluation  of  Eq  (13-8)  requires  a numencal  integration.  An  easier 
method  is  to  assume  that  the  output  response  of  a fiber  can  be  approximated 
by  a gauxstun  described  by 


where  the  parameter  o determines  the  pulse  width,  as  shown  in  Fig  13-13 
This  figure  also  shows  the  parameter  frwitM<  which  is  the  full  width  of  the 
pulse  at  its  half-maximum  value  As  denoted  in  Eq.  (8-13).  this  is  equal  to 
2zr(2ln2),/rJ  = 2.355o  As  described  in  Sec.  8.1.  the  optical  bandwidth  of  the 
fiber  can  be  defined  through  a Fourier  transform  Normally,  this  is  done  in 
terms  of  the  3-dB  bandwidth,  which  is  the  modulation  frequency  at  which  the 
optical  power  has  fallen  to  one-half  the  value  of  the  zero  frequency  modulation 
(dc  value)  From  Eq  (8-14).  this  is 


/> dB  optical  = 


0.440  0,187 

tPWHM  O 


Hz 


(13-10) 


where  “3-dB  optical"  means  a 50-pcrccnt  optical  power  reduction 
bandwidth*  arc  related  to  optical  handwidths  by  I/V-.  so  that 
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13.4.3  Frequency- Domain  Intermodal  Dispersion 
Measurements 

Frequency-domain  miermodol  dispersion  measurements  yield  information  on 
amplitude-versus-frequency  response  and  phase-versus-lrequency  response 
These  data  are  often  more  useful  for  system  designers  than  time-domain  pulse- 
dispcrvon  measurements,  especially  if  equalization  techniques  are  to  be  per- 
formed on  the  detected  signal  at  the  receiver  The  dispersion  measurements  can 
be  made  by  sinusoidally  modulating  a narrowband  continuous-wave  (CW)  light 
signal  about  a fixed  level  Die  baseband  frequency  response  is  then  found  from 
the  ratio  of  the  sine  wave  amplitudes  at  the  beginning  and  end  of  the  liber. 

Figure  13-14  shows  an  experimental  arrangement  for  finding  fiber  baseband 
frequency  response  A swept -frequency  RF  source  or  a microwave  signal  source  is 
used  to  modulate  an  optical  carrier  sinusoidally  The  optical  signal  is  coupled 
through  a mode  scrambler  to  the  lest  fiber  At  the  exit  end  of  the  fiber,  a photo- 
detector  measures  /\wt(/).  the  output  power  as  a function  of  the  modulation 
frequency  The  input  signal  is  then  measured  by  substituting  a short  reference 
fiber  for  the  test  liber,  thereby  yielding  Fi„(/). 

Comparison  of  the  spectrum  at  the  liber  output  with  the  spectrum  at  the 
fiber  input  provides  the  baseband  frequency  response  //(/)  of  the  liher  under 
test: 
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>/</)  = 1T777  <13*,2> 

As  the  modulation  frequency  is  increased,  the  optical  power  level  at  the  fiber 
output  will  eventually  start  to  decrease  The  fiber  bandwidth  is  defined  as  the 
lowest  frequency  at  which  //( f)  has  been  reduced  to  0.5. 

13.4.4  Chromatic  Dispersion 

Chromatic  dispersion  is  the  primary  dispersive  mechanism  in  single-mode  fibers. 
Here,  we  present  one  method  for  its  measurement. 11  Other  techniques  and  meas- 
urements for  multimode  fibers  are  found  in  Kefs  32  through  36. 

figure  13-15  shows  a setup  for  measuring  chromatic  dispersion  by  the 
modulation  phtne-shtft  nwthtnl  An  electric  signal  generator  intensity  modulates 
the  output  of  a narrowband,  tunable  optical  source  by  means  of  an  external 
modulator  Alter  detecting  the  transmitted  signal  with  a photodiode  receiver,  a 
vector  voltmeter  is  used  to  measure  the  phase  of  the  modulation  of  the  received 
signal  relative  to  the  electrical  modulation  source.  The  phase  measurement  is 
repeated  at  wavelength  intervals  AX  across  the  spectral  hand  of  interest  l sing 
the  measurements  at  any  two  adjacent  wavelengths,  the  change  in  group  delay  I in 
p>)  over  the  wavelength  interval  between  them  is2" 

Afi  x Iff  (13-13) 

360 Im 

where  X is  the  wavelength  at  the  center  of  the  interval.  fm  is  the  modulation 
frequency  in  MHz.  and  <p  is  the  phase  of  the  measured  modulation  in  degrees 
These  data  points  arc  then  plotted  to  yield  the  typical  curve  shown  in  Fig. 
13-15.  The  dispersion  can  he  calculated  by  applying  the  curve-fitting  equations 
described  in  Chap.  3 to  the  pulse-delay  data. 
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Test  tetup  »rul  Ji*plav  output  for  measuring  chromatic  dispersion  by  the  phase- shift  method 


13.4.5  Polarization-Mode  Dispersion 

As  See  3.2.6  describes  (sec  Fig.  3-17).  signal  energy  al  a given  wavelength  occu- 
pies two  orthogonal  polarization  modes.  Since  no  fiber  is  perfectly  round  and 
materially  symmetrical  along  its  length,  it  has  a varying  birefringence  along  its 
length  so  that  each  polarization  mode  will  travel  at  a slightly  different  group 
velocity  and  the  polarization  orientation  will  rotate  with  distance.  The  resulting 
difference  in  propagation  tunes  Ar^i  between  the  two  orthogonal  polarization 
modes  at  a given  wavelength  will  result  in  pulse  spreading  This  is  the  so-called 
poturizoiion~mode  dispersion  (PMD).'7-1*  Ultimately.  PMD  can  limit  the  highest 
achievable  data  rates  for  single-mode  systems  and  ils  measurement  is  thus  of  high 
importance  (see  Prob.  13-8) 

An  important  point  to  note  is  that,  in  contrast  to  chromatic  dispersion 
which  is  a relatively  stable  phenomenon  along  a fiber.  PMD  vanes  randomly 
along  a fiber,  because  of  the  randomness  of  the  underlying  geometric  and  stress 
irregularities  • Thus,  statistical  predictions  arc  needed  to  account  for  us  effects.  A 
useful  means  of  characterizing  PMD  is  in  terms  of  the  mean  or  expected  value  of 
the  differential  group  delay  (Arp„i)  averaged  over  time  In  contrast  to  the  instan- 
taneous value  Ar^,|.  which  varies  over  time  and  type  of  source,  the  expected  value 
docs  not  change  from  day  to  day  or  from  source  to  source  As  noted  in  See  3.2.6. 
mean  values  of  ihc  polarization-mode  dispersion  parameter  Dpmd  vary  from  0.03 
to  1.3  ps  vkm.  depending  on  the  cable  environment 

At  least  seven  different  methods  have  been  developed  for  measuring  PMD.'* 
Here,  we  present  only  the  fixed-analyzer  method.™40  In  this  technique,  the  mean 
differential  group  delay  is  evaluated  statistically  from  the  number  of  peaks  and 
valleys  appearing  in  the  optical  power  as  it  is  transmitted  through  a polarizer  and 
scanned  as  a function  of  wavelength.  Figure  13-16  shows  a simple  setup  using  a 
spectrum  analyzer.  A typical  spectrum  analyzer  trace  showing  the  transmuted 
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FIG l Kl  l.llft 

Setup  lor  measuring  poUri/jitioii-mivJe  dispersion  using  an  optital  spectrum  analv/n 


power  level  as  a function  of  wavelength  is  given  in  Fig  13*17  Automatic  methods 
using  extrema  counting  and  Fourier  analysis  arc  generally  used  to  extract  the 
I’MD  information  from  the  measurement  data.  Using  extrema  counting,  the 
expected  value  of  the  differentia!  group  delay  of  the  fiber  (or  of  any  other  device) 
under  test  can  be  calculated  from  the  relationship 


A >Nr  XtUTfAtiup 

-( — X,i0p)< 


(IJ-M) 


where  A«ar1  and  arc  the  beginning  and  end.  respectively,  of  the  wavelength 
measurement  sweep.  ,VC  represents  the  number  of  extrema  occurring  in  the  scan, 
and  c is  the  speed  of  light  The  dimensionless  mode-coupling  factor  A statistically 
accounts  for  the  wavelength  dependence  of  the  polarization  slates.  Its  value  u 0.84 
for  randomly  mode -coupled  fibers  und  1.0  for  non- modc-couplcd  fibers  and 
devices  ,g  The  subscript  k on  the  (Ar^i)  terms  means  that  the  expected  value 
of  the  differential  group  delay  is  determined  over  a wavelength  span 


13.5  OTDR  FIELD  \PPI.IC  ATIONS 

Evolution  of  the  OTDR  followed  from  a publication  in  1976  by  Bamoski  and 
Jensen  that  described  backscattcnng  in  optical  fibers  and  illustrated  its  potential 
for  characterizing  fibers  41  The  OTDR  is  now  one  of  the  fundamental  instruments 
for  making  single-ended  measurements  of  optical  link  characteristics  such  as  fiber 
attenuation,  connector  and  splice  losses,  reflectance  levels  from  link  components. 


I IGI  to  13-17 

Typical  OS  A tiacc  for  PM!)  showing  irnnuiultcd  power  level  in  * I unt  lion  ol  wavelength 
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and  chromatic  dispersion.47  J”  The  latter  parameter  requires  a four-wavelength 
OTDR.  whereas  the  other  measurements  can  use  u single- wavelength  device.46  In 
addition  to  measurement  of  these  parameters.  OTDRs  arc  also  used  for  link 
maintenance  to  locale  fiber  breaks  quickly  and  accurately. 


1 3.5. 1 OTDR  Trace 

Figure  13-18  shows  a typical  trace  as  would  be  seen  on  the  display  screen  of  an 
OTDR,  The  scale  of  the  vertical  axis  is  logarithmic  and  measures  the  returning 
(back -reflected)  signal  in  decibels  The  horizontal  axis  denotes  the  distance 
between  the  instrument  and  the  measurement  point  in  the  fiber.  The  backscattcrcd 
waveform  has  four  distinct  features 


I.  A large  initial  pulse  resulting  from  Fresnel  reflection  at  the  input  end  of  the 
fiber 

Z.  A long  decaying  tail  resulting  from  Rayleigh  scattering  in  the  reverse  direc- 
tion as  the  input  pulse  travels  along  the  fiber 

3.  Abrupt  shifts  in  the  curve  caused  by  optical  loss  at  joints  or  connectors  in  the 
fiber  line. 

4.  Positive  spikes  ansing  from  Fresnel  reflection  at  the  far  end  of  the  fiber,  at 
liber  joints,  and  at  fiber  imperfections 


Fresnel  reflection  and  Rayleigh  scattering  principally  produce  the  back- 
scattered  light  Fresnel  reflection  occurs  when  light  enters  a medium  that  has  a 
different  index  of  refraction.  For  a glass-air  interface,  when  light  of  power  /*«  is 
incident  perpendicular  to  the  interface,  the  reflected  power  P,t r is 


f* ref  — f'n 


/ flfibtr  ~ W|if~\ 
V>ribei  + tint) 


(13-15) 


DUtincc 

FIGURE  13-1* 

Representative  mu*  of  tMclocallered  opluwl  power  at  displayed  on  an  OTDR  tcreen 


552 


MtAlllUMINn 


where  nnber  and  are  the  refractive  indices  of  the  fiber  core  and  air,  respective!) 
A perfect  fiber  end  reflects  about  4 percent  of  the  power  incident  on  it  However, 
since  fiber  ends  are  generally  not  perfectly  polished  and  perpendicular  to  the  fiber 
axis.  the  reflected  power  tends  to  be  much  lower  than  the  maximum  possihlc  value. 

Two  important  performance  parameters  of  an  OTDR  arc  dynamic  range 
and  measurement  range  '1  Dynamic  range  is  defined  as  the  difference  between  the 
initial  hackscattcr  power  level  and  the  noise  level  after  1 minutes  of  measurement 
trmc  It  is  expressed  in  decibels  of  one-way  fiber  loss  Dynamic  range  provides 
information  on  the  maximum  liber  loss  that  can  be  measured  and  denotes  the 
time  required  to  measure  a given  fiber  loss  Thus,  it  ts  often  used  to  rank  the 
capabilities  of  an  OTDR  A basic  limitation  of  an  OTDR  is  the  tradeoff  between 
dynamic  range  and  resolution  For  high  spatial  resolution,  the  pulse  width  has  to 
be  as  small  as  possible  However,  this  reduces  the  signal-to-noise  ratio  and  thus 
lowers  the  dynamic  range  For  example,  using  an  HP-8147  OTDR.  a UKf-ns  pulse 
width  allows  a 24-dB  dynamic  range,  whereas  a 20-/<s  pulse  width  increases  the 
dynamic  range  to  40  dB  l' 

Measurement  range  deals  with  the  capability  of  identifying  events  in  the  link, 
such  as  splice  points,  connection  points,  or  liber  breaks  It  is  defined  as  the 
maximum  allowable  attenuation  between  an  OTDR  and  an  event  that  still  enables 
the  OTDR  to  measure  the  event  accurately  Normally,  for  definition  purposes,  a 
0.5-dB  splice  is  selected  as  the  event  to  be  measured. 


13.5.2  Attenuation  Measurements 


Rayleigh  scattering  reflects  light  in  all  directions  throughout  tile  length  of  the 
fiber  This  factor  is  the  dominant  loss  mechanism  in  most  high-quality  fibers. 
The  optical  power  that  is  Rayleigh-scattered  in  the  reverse  direction  inside  the 
fiber  can  be  used  to  determine  attenuation. 

The  optical  power  at  a distance  x from  the  input  coupler  can  be  written  ax 

P(x)  = P(0)expf-J  (t(y)  i/i  j (13-16) 


Here,  P(0)  is  the  liber  input  power  and  Pi  i)  is  the  fiber  loss  coefficient  in  km 
which  may  be  position -dependent,  that  is.  the  loss  may  not  be  uniform  along  the 
fiber.  The  parameter  20  cun  be  measured  in  natural  untlx  called  nepers,  which  arc 
related  to  the  loss  at  >•)  in  decibels  per  kilometer  through  the  relationship  (see 
App  D) 


(Hkm  1 ) = 20  (nepers) 


ofdBl  tr(dH) 

I()Tog7-  “ 4.343 


(13*17) 


Under  the  assumption  that  the  scattering  is  the  same  at  all  points  along  the  optical 
waveguide  and  is  independent  of  the  modal  distribution,  the  power  /Vx)  scat- 
tered in  the  reverse  direction  at  the  point  .x  is 

P„(x)  = SP(  x) 


(13-18) 
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Here,  S is  the  fraction  of  the  total  power  that  ts  scattered  in  the  backward  direc- 
tion and  trapped  in  the  fiber  Thus,  the  haekscattcrcd  power  from  point  x that  is 
seen  by  the  photodetector  is 

/'„(.*)  = PKtv) cxp|^-J  M>)  4>'J  (13-19) 

where  put  y)  is  the  loss  coefficient  for  the  reverse-scattered  light.  Since  the  modes 
in  the  fiber  excited  by  the  back  scut  tiered  light  can  be  different  from  those  launched 
in  the  forward  direction,  the  parameter  /V.r)  may  be  different  from  fl(  y) 
Substituting  Fqs  (l3-|f>).  (13-17).  and  (13-18)  into  F.q  (1 3-19)  yields 

r0w  = (U-M) 

where  the  average  attenuation  coefficient  d(  v)  is  defined  as 

<*(.v)  = ^ | (ar(  y)  + o*(  >•)]  dy  (13-21) 


Using  this  equation,  the  average  attenuation  coefficient  cun  be  found  from  experi- 
mental scmilog  data  plots  such  as  the  one  shown  in  Tig  13-18  For  example,  the 
average  attenuation  between  two  points  *i  and  ,vj.  where  ,t|  > x?.  is 


KHIog  P/tlX;)  log  X i )J 
2(tj-  ti) 


(13-22) 


13.5.3  Fiber  Fault  Location 

In  addition  to  measuring  attenuation  and  component  losses,  an  OTDR  can  also 
he  used  to  locate  breaks  and  imperfections  in  an  optical  fiber  The  fiber  length  L 
land,  hence,  the  position  of  the  break  or  fault)  can  be  calculated  from  the  time 
difference  between  the  pulses  reflected  from  the  front  and  far  ends  of  the  fiber.  If 
this  time  difference  is  t.  then  the  length  L is  given  by 


where  «i  is  the  core  refractive  index  of  the  fiber  The  factor  "2"  accounts  for  the 
fact  that  light  travels  a length  L from  the  source  to  the  break  point  and  then 
another  length  L on  the  return  trip. 

Since  the  OTDR  is  based  on  using  a pulsed  probe  signal,  the  spatial  resolu- 
tion or  sampling  spacing  of  where  some  event  occurs  in  a fiber  is  limited  by  the 
pulse  width  of  the  source  Finer  resolution  is  achievable  with  shorter  pulse  widths 
I he  relationship  between  spatial  resolution  A.v  and  pulse  width  is  given  by 


(13-24) 
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where  A/,  is  ihc  system  response  tune,  which  is  equal  to  the  pulse  width  if  the 
receiver  has  a sufficiently  fast  response.  Normally,  since  it  is  not  practical  to 
increase  ihc  resolution  hy  using  a higher  data  sumphng  rate,  an  OTDR  will  use 
an  interleaving  scheme,  which  can  improve  spatial  resolution  down  to  the  centi- 
meter range  This  is  done  through  a composition  of  individual  measurement  shots 
that  are  delayed  hy  a fraction  of  the  sampling  time.  For  example,  launching  a 
scries  of  pulses  delayed  by  a quarter  sampling  lime  yields  a fourfold  improvement 
in  the  sampling  spacing 

As  an  example  of  ihc  distance  resolution  possible  with  commercial  test 
equipment,  consider  the  HP-E6000A  mim*OTL)R  from  Hewlett-Packard  The 
total  distance  accuracy  is  specified  as 

D,fS  = offset  error  ± (scale  error)  x (distance)  ± sampling  error 

= offset  error  ± (scale  error)  x (distance)  ± 0.5  x (sampling  spacing) 

Thus,  given  that  the  olTset  error  is  ±1  m.  the  scale  error  is  ±I0~*  (i.e.,  the  instra- 
mcnl  hit'  an  0.01  percent  time-base  accuracy)  and  the  sampling  spacing  is  1 m 
(a  IQG-MHz  sampling  rate  with  no  interleaving),  then,  for  a break  occurring  after 
a lO-km  fiber  segment,  the  distance  error  is  ±2.5  m 


13.6  EVE  PATTERNS 

The  eye-pattern  technique  is  a simple  but  powerful  measurement  method  for 
assessing  the  data-handlmg  ability  of  u digital  transmission  system  J J 50  Thu 
method  has  been  used  extensively  for  evaluating  the  performance  of  wire  systems 
and  can  also  be  applied  lo  optical  fiber  data  links  The  eye-pattern  measurements 
ure  made  in  the  time  domain  and  allow  Ihc  effects  of  wuveform  distortion  to  be 
shown  immediately  on  an  oscilloscope 

Figure  13-19  shows  a basic  equipment  setup  for  making  eye-pattern  meas- 
urements. 1 he  output  from  a pseudorandom  data  pattern  generator  is  applied  lo 
Ihc  vertical  input  of  an  oscilloscope  and  the  data  rate  is  used  to  trigger  the 
horizontal  sweep  This  results  in  the  type  of  display  shown  in  Fig.  13-20.  which 
is  called  ihc  nv  poiu-rn  To  see  how  the  display  pattern  is  formed,  consider  the 
eight  possible  3-bit-long  NRZ  combinations  shown  in  Fig  13-21  When  these 
eight  patterns  are  superimposed  simultaneously,  an  eye  pattern  us  shown  in 
Fig.  13-20  is  formed  The  basic  upper  and  lower  bounds  arc  determined  by  the 
logic  one  and  zero  levels,  shown  by  and  boi r.  respectively.  Some  key  failures  of 
this  pattern  include  the  following: 

• The  opening  (height)  and  width  of  the  eye 

• The  20-to-KO-pcrcent  rise  und  fall  times 

• Overshoot  on  logic  ones  and  zeros 

• Undershoot  on  a logic  zero 

• Jitter  in  the  eye  pattern 
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FIGURE  13-19 

Banc  equipment  setup  for  making  cye-diagrum  measurements 


To  measure  system  performance  with  the  eye-pattern  technique,  a variety  of 
word  patterns  should  be  provided  A convenient  approach  is  to  generate  a ran- 
dom data  signal,  because  this  is  the  characteristic  of  data  streams  f ound  in  prac- 
tice. This  type  of  signal  generates  ones  and  zeros  at  a uniform  rate  hut  in  a 
random  manner  A variety  of  pseudorandom  pattern  generators  arc  available 
for  this  purpose.  The  word  pseudorandom  means  that  the  generated  combination 
or  sequence  of  ones  and  zeros  will  cvcntuully  repeat  but  that  it  is  sufficiently 


Overshoot  on  logic  I 


FIGURE  13-241 

General  configuration  ol  an  eve  diagram  showing  dcfinilionv  of  fundamental  measurement  para 
meters 
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Ht.l  Hf  13-21 

F-ighl  possible  3-hit-Iong  NR/  combination*  of  pulse*  that  have  moderate  nse  and  foil  times 


random  for  test  purposes.  A pseudorandom  binary  sequence  (PRBS)  comprises 
four  different  2-bit-long  combinations,  eight  different  3-bit-long  combinations, 
sixteen  different  4-bit-long  combinations,  and  so  on  (i.c..  sequences  of  2 v different 
A -bit-long  combinations),  up  to  a limit  set  by  the  instrument  These  combinations 
are  randomly  selected.  The  PRBS  pattern  length  is  of  the  form  2 s - 1.  where  N is 
an  integer  This  choice  assures  that  the  pattern-repetition  rate  ts  not  harmonically 
related  to  the  data  rate.  Typical  values  of  S arc  7.  10.  15.  20. 23.  and  31  After  this 
limit  has  been  reached,  the  data  sequence  will  repeat 

A great  deal  of  system-performance  information  can  be  deduced  from  the 
cyc-pattcm  display  To  interpret  the  eye  pattern,  consider  Fig  13-20  and  the 
simplified  drawing  shown  in  Fig  13-22.  The  following  information  regarding 
the  signal  amplitude  distortion,  timing  jitter,  and  system  rise  time  can  be  derived. 


F1GIRF.  13-12 

Simplified  eye  diagram  showing  key  performance  parameter* 
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• The  width  of  the  eye  opening  defines  the  time  interval  over  which  the  received 
signal  can  be  sampled  without  error  from  intcrsymhol  interference 

• The  best  time  to  sample  the  received  waveform  is  when  the  height  of  the  eye 
opening  is  largest  This  height  is  reduced  as  a result  of  amplitude  distortion  in 
the  data  signal  The  vertical  distance  between  the  top  of  the  eye  opening  and 
the  maximum  signal  level  gives  the  maximum  distortion  The  more  the  eye 
closes,  the  more  difficult  it  is  to  distinguish  between  ones  and  zeros  in  the 
signal. 

• The  height  of  the  eye  opening  at  the  specified  sampling  time  shows  the  noise 
margin  or  immunity  to  noise  Sabe  margin  is  the  percentage  ratio  of  the  peak 
signal  voltage  V,  for  an  alternating  bit  sequence  (defined  by  the  height  of  the 
eye  opening)  to  the  maximum  signal  voltage  F*  as  measured  from  the  threshold 
level,  as  shown  in  Fig.  13-22.  That  is. 

Fi 

Noise  margin  (percent)  = — x 100  percent  ( 13-25) 

* J 

• The  rate  at  w hich  the  eye  closes  as  the  sampling  time  is  varied  (i.e_  the  slope  of 
the  eye-pattern  sides)  determines  the  sensitivity  of  the  system  to  timing  errors 
The  possibility  of  timing  errors  increases  as  the  slope  becomes  more  horizontal 

• Timing  jitter  (also  referred  to  as  edge  jitter  or  pha.se  distortion ) in  an  optical 
fiber  system  arises  from  noise  in  the  receiver  and  pulse  distortion  in  the  optical 
fiber  If  the  signal  is  sampled  in  the  middle  of  the  time  interval  (i.c..  midway 
between  the  times  when  the  signal  crosses  the  threshold  level),  then  the  amount 
of  distortion  AT  at  the  threshold  level  indicates  the  amount  of  jitter.  Timing 
jitter  is  thus  given  by 


AT 

Timing  jitter  (percent)  = — — x 100  percent 

7* 


(13-26) 


where  7*  is  a hit  interval 

• Traditionally,  the  rise  time  is  defined  as  the  time  interval  between  the  point 
w here  the  rising  edge  of  the  signal  reaches  10  percent  of  its  final  amplitude  and 
the  time  it  reaches  90  percent  of  its  final  amplitude.  However,  when  measuring 
optical  signals,  these  points  are  often  obscured  by  noise  and  jitter  effects.  Thus, 
the  more  distinct  values  at  the  20-percent  and  80-pcrcent  threshold  points  are 
normally  measured.  To  convert  from  the  20- to-XO- percent  rise  time  to  a 10-to- 
90-pcrccnt  rise  tune,  one  can  use  the  approximate  relationship 


r,o-»  = lJ5x  7VW  (13-27) 

A similar  approach  is  used  to  determine  the  fall  time 
• Any  nonlincarities  of  the  channel  transfer  characteristics  will  create  an  asym- 
metry in  the  eye  pattern.  If  a purely  random  data  stream  is  passed  through  a 
purely  linear  system,  ull  the  eye  openings  will  be  identical  and  symmetrical. 
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13.7  OPTICAL  SPECTRUM  ANALYZER 
APPLICATIONS 

The  widespread  implementation  of  WDM  systems  calls  for  making  optical  spec- 
trum analyses  to  characterize  the  spectral  behavior  of  various  telecommunication 
network  elements.30  ''1  A variety  of  optical  spectrum  analyzers  (OSAs)  with  differ- 
ent degrees  of  capabilities,  such  us  wavelength  resolution,  ure  available  to  measure 
the  optical  output  or  transfer  characteristics  of  u device  as  a function  of  wave- 
length. The  wavelength  resolution  is  determined  by  the  bandwidth  of  the  optical 
filter  in  the  OSA  The  term  resolution  bandwidth  describes  the  width  of  this  optical 
filter  Typical  OSAs  have  selectable  filters  ranging  from  10  ran  down  to  0.1  nm. 
The  OSA  normally  sweeps  across  u spectral  band  making  measurements  at  dis- 
cretely spaced  wavelength  points.  This  spacing  depends  on  the  bandwidth-resolu- 
tion capability  of  the  instrument,  and  is  known  as  the  trace-point  spacing.  Here, 
we  will  look  at  spectral  measurements  of  optical  sources  and  EDI  . As 


1 3.7. 1 Characterization  of  Optical  Sources 


The  three  basic  light  sources  used  for  opticul  fiber  systems  arc  the  light -emitting 
diode  (LED),  the  Fabry-Pcrot  (FPl  laser,  and  the  distributed-feedback  (DFB) 
laser  Each  of  these  has  a completely  different  output-vcrsus-wavclcngth  behavior, 
An  OSA  is  u highly  versatile  instrument  for  quickly  and  accurately  measuring  the 
spectral  output  characteristics  of  these  devices 

The  LEDs  emit  light  as  a continuous  spectrum  over  a broad  wavelength 
band,  with  FWHM  spectral  patterns  of  30-150  nm  Figure  13-23  shows  a typical 
OSA  trace  for  an  LED  spectrum  centered  at  1300  nm.  Some  parameters  of 
interest  that  an  OSA  will  automatically  measure  and  display  include  the  follow- 
ing: 


• The  total  power  output,  which  is  the  summation  of  the  power  P,  at  each  trace 
point  i normalized  by  the  ratio  of  the  trace-point  spacing  to  the  resolution 
bandwidth  That  is.  if  the  instrument  makes  .V  measurements  during  the  spec- 
tral sweep,  then 


P tout 


trace-point  spacing  \ 
resolution  bandwidth  / 


(13-28) 


• The  mean  wavelength,  which  represents  the  center  of  mass  of  the  trace  points. 
This  parameter  is  given  by 


ktP , trace-point  spacing 
/’’mu!  resolution  bandwidth 


) 


(13-29) 


• The  peak  wavelength,  which  is  where  the  peak  of  the  LED  spectrum  occurs 

• The  full-width  at  half-maximum  (FWHM),  which  designates  the  half-power 
points:  that  is.  the  points  where  the  power -spectral  density  is  one-half  that  of 


I»»  WTK'At  SMCTMlM  ANA1YZM  AWIJTATIONS 


LED  Teat 

mean  (FWHM)  - 

1300  00  ran 

FWHM 

• 93.97  ran 

mc*n(3dB)  • 

1301  118  ran 

IdB  width 

• 70.63  ran 

peak  waveln 

1307  50  ran 

ii)Ul  power 

- -J5.14  dBm 

iigrtui  • 

39.91  ran 

pk  don*  ( 1 nral 

- -541 7 dBm 

FI<;lRK  13-23 

Spectrum  of  a light-emuuof  diode  ai  recorded  by  an  HP-71450  optical  ipcctrum  anal y ter  TV  display 
shows  mcasurtmcnl  parameters  such  as  spectral  FWHM.  mrnn  wairlcnjith  position,  and  peak-power 
density  A fnuuian  or  lorent/ian  curse  fit  may  also  he  displayed  (Courtesy  of  Hewlett-Packard  Co  I 


(he  peak  amplitude  As  denoted  in  Eq.  (8-13),  assuming  a continuous,  guu&siun 
power  distribution,  this  is  given  by 

FWHM  = 2.355<t  (13-30) 


where  a is  the  rms  spectral  width  of  the  LED.  which  is  measured  by  the  OS  A as 


. j(  P<  trace-point  spacing  \ 
resolution  bandwidth  / 


(13-31) 


• The  S-tiB  spectral  width  of  the  LED,  which  is  defined  as  the  separation  of  the 
two  wavelengths  on  cither  side  of  the  peak  of  the  LED  spectrum  where  the 
spectral  density  is  one-half  the  peak-power  spectral  density. 


Parameters  for  a Fabry-Perol  laser  that  an  OSA  will  automatically  measure 
include  the  spectral  FWHM  or  envelope  bandwidth,  center  wavelength,  mode 
spacing,  and  total  power  of  the  laser  Figure  13-24  shows  u trace  of  a typical 
Fabry-Pcrot  laser  The  total  power  and  the  mean  wavelength  arc  calculated  ana- 
logously to  Eqs,  (13-28)  and  (13-29),  respectively,  but  without  the  normalization 
factor,  since  the  FP  laser  docs  not  have  a continuous  spectrum  like  the  LED. 

Distrihutcd-fccdhack  lasers  are  similar  to  FP  lasers,  except  that  here  there  is 
only  one  narrow  spectral  component  The  automatic  DFB-lnscr  measurement 
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Fabry -Petra  later  Te»t 

mean  wtvcln 

l292.H6ntn 

FWHM 

• $ 26  tun 

peak  wastrln 

• 1 294,67  nm 

peak  amp 

- -2.95  dBm 

mujc  tpacmg 

- 1 15  ran 

(Mat  pow  er 

- 2.32  dBm 

(202  05  C.Ha) 

»i|tnui 

• 2.23  nm 

I C I I 1 IL . 1 ^1 

CENTER  1 21.U0  ran  SPAS  .10  00  ran 

• RBO  2 ran  VB3kHi  ST  50  mice 


MCI  RE  I.V24 

Spectrum  of  ■ Fabry-Peren  laier  u monied  hy  an  HP-71410  optical  tpcctrum  analy/rr  Tike  di<pbt 
khuvkk  mcmutcmcnl  puramrten  »uch  «pcctral  F'WHM,  center  w«velcn*ih.  mode  tpaemy.  and  loial 
penwr  of  the  laaet  (Courtesy  of  Hewlcti-Packard  Co.) 


function  on  an  OSA  provides  values  such  as  the  center  wavelength,  side-mode 
suppression  ratios,  peak  power,  and  stop-band  characterization  Hie  xide-modt 
suppression  ratio  is  the  amplitude  difference  between  the  main  spectral  component 
and  the  largest  side  mode  The  stop  hand  is  the  wavelength  spacing  between  the 
upper  and  lower  side  modes  adjacent  to  the  main  mode,  f igure  13-25  shows  a 
trace  of  u typical  DFB  laser. 


13.7.2  FDFA  Gain  and  Noise-Figure  Testing 

The  amplifier  gam  and  noise  figure  are  the  two  most  important  parameters  of 
optical  amplifiers  when  applying  them  in  an  optical  communications  link.®  *' 
Amplifier  gam  can  be  measured  with  either  an  optical  power  meter,  an  electrical 
spectrum  analyzer,  or  an  optical  spectrum  analyzer.  Noise-figure  measurements 
can  be  carried  out  with  either  an  clcclncul  or  an  opucal  spectrum  analyzer.  Each 
has  its  strengths,  limitations,  and  levels  of  measurement  difficulty  Here,  we  shall 
look  at  using  an  OSA  for  measuring  the  amplifier  gain  and  noise  figure  of  un 
EDFA.  Since  these  operational  parameters  arc  dependent  on  input  power  level 
and  wavelength,  it  is  necessary  to  measure  the  response  of  amplifier  gam  and 
noise  figure  in  relation  to  these  two  factors 


nr  omrAi  m*(i  iHi  m anaiy/mi  Arn.it  atiuny 


. peak  wavetn 

UHI  lower  led 

« |}04. Ml)  tun  SMSR 

» 40,1)  dllc 

mode  offset 

- 0.85  ntn 

peak  amp 

- -0J2  dBm 

(lop  band 

» 1.83  nm 

bandwidth 

» 0.212  ran 

cnlx  offset 

» 0.06  nm 

(a!  20.70  dUl 

nCllE  13-25 

Spectrum  of  u DFB  la«i  diode  at  recorded  by  an  HP-71450  optical  tpcctruin  analyzer  The  DKM  later 
meauircmenu  thown  on  the  display  include  center  wavelength.  Mile -mode  luppicwuon  ratlin,  peak 
power,  awl  (lop-hand  chanicterinttion  (Courtesy  of  Hcwlctt-Puckiml  Co  ) 


CAIN  MEASUREMENTS.  Figure  13-26  illustrates  the  baste  setup  and  the  resultant 
OSA  display  for  measuring  optical  amplifier  gain  The  setup  contains  a tunable 
laser,  which  has  an  adjustable  output  power  level,  and  an  OSA  First,  the  source  is 
connected  to  the  OSA  without  the  EDFA  inserted  in  the  line  in  order  to  measure 
the  output  level  from  the  source  without  amplification.  This  yields  the  bottom 
truce  of  the  spectrum-vcrsus-wavelength  display  shown  in  Fig.  1 3-26.  Next,  the 
EDFA  is  inserted  to  obtain  the  gain  measurement  This  gives  the  top  trace  of  the 
display  in  Fig.  13-26  The  difference  in  amplitudes  is  the  amplifier  gain  C 

This  technique  can  also  be  extended  to  the  WDM  case  when  the  EDFA 
amplifies  the  signals  from  several  different  opticul  sources  However,  since  the 
cost  and  complexity  of  these  WDM  tests  increase  with  the  number  of  channels,  a 
reduced-source  approximation  can  be  used  for  EDFA  gain  testing.  In  this 
method,  a single  source  represents  the  ensemble  of  WDM  signals  in  the  spectra) 
hand  of  interest  The  details  of  this  are  given  in  the  literature 

NOISE-FIGURE  MEASUREMENTS.  Noise  figure  is  defined  as  the  ratio  of  the 
signal-to-noisc  ratios  at  the  input  and  output  of  the  amplifier  under  the  following 
conditions  shot -noise- limned  photodctcction.  shot-noise-limited  input  signal, 
and  an  optical  bandwidth  approaching  zero.  A basic  problem  in  making  noise- 
figure  measurements  is  that  the  light  sources  needed  for  generating  a variable 
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FIGURE  13-26 

linic  tctup  fot  manuring  optical  amplifier  fjin  ami  a typical  nintiuicmcnl-ihsplas  on  an  OS  A 


input  power  and  u variable  wavelength  range  also  emit  a broad  LED-like  spec- 
trum called  source  spontaneous  emission  (SSEV  This  SSE  gets  amplified  along  with 
the  signal  and  is  added  to  the  EDFA  output  power.  Thus,  to  measure  only  the 
signal  and  the  ASE  contribution  from  the  EDFA.  the  SSE  has  to  be  eliminated 
from  the  measurement  data. 

The  three  basic  methods  for  measuring  optical  amplifier  noise  arc  U)  opti- 
cal-sourcc-subtrnction  technique.  (2)  polarization  nulling,  and  (3)  time-domain 
extinction  or  pulse  method  507  M For  illustration  purposes,  we  shall  look  only 
at  the  first  technique  The  test  setup  is  illustrated  in  Fig.  13-27  In  this  optical- 
source-subtraction  method,  the  SSE  spectral  density  /’ssi  of  the  Inver  source  is 
determined  during  calibration  of  the  test  setup  (with  no  optical  amplifier  in  the 
link)  and  is  stored  in  a calibration  file  in  the  OS  A Next,  the  optical  amplifier  is 
inserted  in  the  test  setup  and  the  total  noise  spectral  density  P\si  from  Ihe  EDFA. 
which  includes  the  SSE.  is  measured  In  addition,  the  signal  power  Pvf  entering 
the  EDFA  and  the  total  amplifier  output  power  mil.  which  includes  ASE  and  the 
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FIGl  KF  13-27 

Setup  for  measuring  EDr  A mine  fig- 
ure using  the  oplical-tounx-iuhtrac- 
uon  method 
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amplified  SSE.  are  measured.  Knowing  these  values,  the  gain  G und  the  quantum- 
limited  noise  figure  Wean  be  calculated  from  the  expressions 

G = lPoM-PMt)lP„t  (13-32) 


and 
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(13-33) 


where  v is  the  frequency  of  the  light  at  which  the  measurement  was  made  and  Bn  is 
the  optical  filter  bandwidth  at  the  receiver  The  last  term  in  Eq  . ( 1 3-33)  represents 
the  subtraction  of  the  amplified  SSE. 


PROBLEMS 


13-1.  Optical  spectrum  analyzers  directly  measure  the  wavelength  of  light  in  an  air  envir- 
onment However,  most  wavelength  measurements  are  quoted  in  terms  of  wave- 
lengths or  optical  frequencies  in  a vacuum  This  can  kud  to  errors,  particularly  in 
DWDM  systems,  since  the  index  of  refraction  of  air  is  a function  of  wavelength, 
temperature,  pressure,  and  gas  composition  The  wavelength  dependence  of  ihc 
index  of  refrac  tion  of  standard  dry  air  at  760  tore  and  15'C  is" 


tt*ir 


*!« 


= 1 + 10  * 8342.13  + 


2406030  15997  \ 

,30-i  + 38.9-jJ 


where  A.  is  measured  in  micrometers 

(al  Given  that  A = Awnlir.  what  is  the  error  in  wavelength  measurement  at 

1 550  nm  if  the  effect  of  the  index  of  rcfraclion  of  air  is  ignored?  What  impact  would 
this  have  on  0 8-nm-spaccd  WDM  channels  in  Ihc  1550-nm  window? 

(A)  To  compensate  for  temperature  and  pressure  effects  on  the  value  of  nM,  one  can 
use  the  relationship 


n{T.  /»)=!  + 


(ntir  - 1X0.00138823/') 
I + 0.003671  T 


where  P is  measured  in  tore  and  T tv  in  Celsius  How  much  docs  «<  / /’)  vary  from 
when  the  pressure  is  640  tore  and  the  temperature  is  0 C (which  would  be  at  u 
higher  elevation  and  a lower  lemperaiurc)? 

13-2.  An  engineer  wanu  lo  find  the  ullcriuation  al  1310  nm  of  an  IH9S-m  long  fiber  The 
only  available  instrument  ls  a photodclcctor.  which  gives  an  output  reading  in 
volts  Using  this  device  in  u cutback-attenuation  setup,  the  engineer  measures  an 
output  of  3.31  V from  the  photodiode  at  the  far  end  of  the  fiber  After  cutting  the 
fiber  2 m from  the  source,  the  output  voltage  from  the  photodclcctor  now  leads 
3.78  V What  is  Ihc  attenuation  of  the  fiber  in  dB/kst? 

13-3.  Consider  the  cutback  attenuation  measurement  technique  described  by  Eq  (1 3- 1 > 
Using  a photodclcctor.  the  power  measurements  arc  proportional  lo  the  detector 
ouipul  voltage  If  the  uncertainly  in  ihc  voltage  readings  for  the  two  power  men- 


surcmenlx  arc  ±0.1  percent  each,  what  is  the  uncertainty  ill  the  attenuation  accu- 
racy? How  long  must  the  fiber  be  to  gel  a sensitivity  better  than  ±0.05  dHkin? 
13-t.  (»|  Verify  that  the  full-width  at  half-maximum  of  u gaussian  pulse  is  given  by 
fpwitM  = 2e»(2  In  2)'  ‘ 

(f>)  Denve  Hq.  (13*101,  which  describes  the  3-dB  bandwidth  of  a fther  based  on  a 
gaussian  output  response 

13-5.  A gaussian  approximation  of !//(/))  in  the  form 

\m/)\  * cxp|-(2nr/tr)721 

has  been  found  to  be  accurate  to  at  least  the  0.75-amplitudc  point  in  the  frequency 
domain  l 'sing  this  relationship,  plot  P(f)/P(0)  as  a function  of  frequency  fromO 
to  HWKI  Mil/  for  fibers  thut  have  impulse  responses  of  full  rms  pulse  widths  2b 
equal  to  2 0,  1.0.  and  0.5  ns  What  are  the  3-dB  bandwidths  of  these  fibers’ 

13-6.  Consider  the  data  shown  in  hie  PI  3-6  of  tlie  group  delay  versus  wavelength  for  > 
Ut-km  long  fiber  From  this  data,  plot  the  chromatic  dispersion  D a»  a function  of 
wavelength  What  is  the  value  of  the  mo-dispersion  slope  S»  in  the  relationship 
/Xk>  = So(X  - k«)? 


Wavelength  iron) 


FIGL'KE  1*13-6 

ChronuUc-ilispersion  measure- 
mcni  of  a 10-kni  fiber 


13-7.  Determine  the  value  of  the  expected  difTercntial  group  delay  from  the  poloruation- 
mode-dispersion  measurement  response  shown  in  Fig  PI  3-7  for  a non-mode- 
coupled  fiber 
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PMD-induccd  power  excursions  jboul  I he  mean 
power  level  idashed  line). 
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13-8.  The  influence  of  polarization-mode  dispersion  can  he  neglected  for  data  rates  up  to 
a few  Gb/s  for  intensity-modulated  direct-detection  systems.  However,  for  higher 
rates.  PMD  can  cause  intersymbol  interference  (ISI)  in  long-span  links  The  ISI 
power  penalty  in  dccthcU  for  PMO  is  approximately5* 


/’.si  22  26 


(At)->l  -y) 

r3 


where  T is  a bn  period  tl/bit  rate)  and  y U the  power-splitting  ratio  between 
principal  polarization  3tatcs  The  maximum  power  penulty  occurs  when  y i If 
typical  valises  of  the  expected  value  of  the  differential  group  delay  (At)  are  I ps 
over  a tOO-km  link  and  10  p*  over  a 1000-km  link,  find  the  maximum  PMD  power 
penalty  for  data  rates  of  10  and  1(H)  Gb/i  over  these  two  link  distances 
13-9.  The  optical  power  in  a fiber  at  a distance  x from  the  input  end  is  given  by  Eq. 
(13-16).  By  assuming  that  the  loss  coefficient  Is  uniform  along  the  fiber,  use  this 
equation  to  dense  Eq  (13-1). 

13-10.  Assuming  that  Ray  (eight  scattering  it  approximately  isotropic  (uniform  in  all  direc 
lions),  show  that  the  fraction  5 of  scattered  light  trapped  in  a multimode  fiber  in 
the  backward  direction  is  given  by 


Si 


n [NAY 

4 nn2 
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where  NA  is  the  fiber  numerical  aperture,  n is  the  core  refractive  index,  and  NA  n 
represents  the  half-angle  of  the  cone  of  captured  rays  If  NA  - 0.20  and  n - 1 .50, 
what  fraction  of  the  scattered  light  is  recaptured  by  the  fiber  in  the  reverse  direc- 
tion? 

13-11.  Three  500-m-long  fibers  have  been  spliced  together  tn  scries  and  an  OTDR  is  used 
to  measure  the  attenuation  of  the  resultant  fiber  The  reduced  dula  of  the  OTDR 
display  is  shown  in  Fig.  PI  3-1 1 What  are  the  attenuations  in  decibels  |>er  kilometer 
of  the  three  individual  fibers ’ What  arc  the  splice  losses  in  decibels’  What  arc  some 
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All  OTDR  truce  of  three  500-km 
•pitted  fibers 
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possible  reasons  for  rhe  large  splice  loss  occurring  between  the  second  and  third 
fibers’ 

13-12.  I cr  a be  the  allcnuniion  of  the  forward-propagating  light,  a,  the  attenuation  of  the 
backseat  tend  light,  ami  S'  the  fraction  of  the  total  output  power  scattered  in  the 
backward  direction,  as  described  in  Eq.  1 1 3- 1 H ) Show  that  the  huckscnlter  response 
of  u rectangular  pulse  of  width  M front  a point  a distance  L down  the  fiber  it 

P,(L)  = S-P„*  *"<1  -e  mU  ) 
a 

when  / H 72.  and 

PAL)  = (I  - rUL) 

a 

for  ()</.<  IV Jl 

13-13.  Using  the  expression  given  in  Proh  13-12  for  the  hackscattered  power  PM. I from  a 
rectangular  pulse  of  width  H . show  that  for  sen  short  pulse  widths  the  b.ickscar- 
Icred  power  is  proportional  to  the  pulse  duration.  Note  This  is  the  basis  of  opera- 
tion of  tin  OI  I>K 

13-14.  fhc  uncertainly  V of  OTPR  loss  measurements  as  a function  of  I be  signal-lo-noisc 
ratio  SNR  can  he  approximated  hy4: 

loglt'U  -0  2SNR+0.6 

Mere,  i and  SNR  are  given  in  decibels  If  a tl  5-dH  splice  is  Kx:ulcd  near  the  far  end 
of  a 50-km  Tibet,  what  dynamic  range  muvi  the  OTDR  have  to  measure  the  inser- 
tion loss  of  this  splice  event  w ah  a ±0,5-dB  accuracy  Assume  the  fiber  attenuation 
ts  0.33  dH  km 

13-15.  Show  that  when  using  an  OTPR.  .in  optical  pulse  width  of  5 n*  or  less  is  required 
to  locate  a fiber  fault  to  within  TTI.OS  m of  its  true  position 
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USEFUL 

MATHEMATICAL 

RELATIONS 


Some  of  the  mathematical  relations  encountered  in  this  text  arc  listed  for  con- 
venient relercnce  More  comprehensive  listings  arc  available  in  various 
handbooks.1  4 


B.l  TRIGONOMETRIC  IDENTITIES 


i***  = cost!  rfcy  sin  ft 
sin:  0 -i-  cos'  6 = I 
cos:  ft  - sin:  ft  = cos  2ft 
4 sin'1  ft  - 3 sin  9 — sin  3d 
4 cos’  ft  - 3 cos  9 4-  cos  3« 

8 sin4  9 = 3 - 4 cos  2d  + cos  4ft 


Kcos4ft  = 3 4 4 cos  2d  -f  cos  4ft 
Sinter  ± /fj  = sin  u cos  ± cos  a sin  fi 
costa  ± - cos  a cos  (\  sin  a sin  ft 

tan  a ± tan  p 


tauter  ± - 


I ^ tan  a tan  fl 


B.2  VECTOR  ANALYSIS 
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The  symbols  c,.  c, . and  e:.  denote  unit  vectors  lying  parullcl  to  tlic  ».  >.  and  : 
axes,  respectively,  of  the  rectangular  coordinate  system  Similarly,  c„  e#.  and  t 
arc  unit  vectors  for  cylindrical  coordinate^  The  unit  vectors  er  and  c,  vary  in 


a?  VECTOR  ANALYSIS 


direction  as  the  angle  changes.  The  conversion  from  cylindrical  to  rectangular 
coordinates  is  made  through  the  relationships 

x = r cos  0 }'  = r sin  <t>  : — : 


B.2.1  Rectangular  Coordinates 


_ . , 3/  V . »/ 

Gradient  Vf  = ~-et  + ~ + ~«.- 

. a a.  aAy  dA; 

Divergence  V A = — + — + — 


Curl Vx  As 


dy 

*.■ 

ay 

A,, 

LaplacianV2/  + 


dx 

e, 

a_ 

a.v 

A. 


jS 

at 

y*L 

fc* 


B.2.2  Cylindrical  Coordinates 


Gn.d,cmV/^,.+i|,,  + |«, 


Curl  V x A = 


I 

-«r 

r 

a 

ar 

/I, 


e* 

£ 

rA4 


l 

£ 

cfcr 

A, 


Luplacian  V1/  - ~+  (r|)  + £ jjj  + 0 


B.2.3  Vector  Identities 

V x (V  x A)  = V(VA>  - VJA 
V:A  = V*A,e,  + v’/l.e,  + V:A;e: 
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B.3  INTEGRALS 


j sin  x dx  = - cos  x 
J cos  v J\  = sin  t 

J yfi£  - x!  dx  = ^aV<j2  - x1  + <r  a resin  *j 

jxs/V  - xi  dx  = — — x2)'  2 

f i , I , Jr5  /x2  l\  . , Jtcoslr 

J .r  sin1  .«<£*  = — — - - j sin  2x — 

f dx  _ I sin  x n - 2 f dx 

J CO*"  x n - I cos"  1 a n - I J cos"  : x 


I 


j u dx  s i/v  — j v du 

| sinJ  x dx  = ~ ^ sin  2c 

f ..  . sin"'1  x cos  t n- 1 f ? . 

sin  a </a  = + sin  v d\ 

J n n J 


cos*  x dx  = ~ + 1 sin  2x 

2 4 


t 


f cos"  a dx  = -cm?  1 \ sin  x + - — - cos"  : x d\ 
J n n 

0 if  p < 0 

dx  = { 2irl/»l" 


</<  +/*y 


r<*> 


if  />  2 0 where  Hn)  = (n-  I )* 


£ 


n 


p 


I . mt 

=r  dx  = — 

* I 7-  (x/rt)- 


erf(/) 
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B.4  SERIES  EXPANSIONS 

, X2  X* 

* = l+*  + 2!+3F+"* 

x3  x5 

sin  x = x - — + — 

x2  x4 

COS  X = I + — — • • ■ 

2!  4! 
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BESSEL 

FUNCTIONS 


This  appendix  lists  the  definitions  and  some  recurrence  relations  for  integer-order 
Bessel  functions  of  the  first  kind  J,(:)  and  modified  Bessel  functions  A»(r) 
Detailed  mathematical  properties  of  these  and  other  Bessel  functions  can  be 
found  in  Refs  24  through  26  of  Chap  2.  Here,  the  parameter  v is  any  integer 
and  n is  a positive  integer  or  zero  The  parameter  : = x +■  Jy 


C.l  BESSEL  FI  ACTIONS  OF  THE 
FIRST  KIND 

C.l. I Various  Definitions 


A Bessel  function  of  the  first  kind  of  order  n and  argument  r.  commonly  denoted 
by  7„(r).  is  defined  by 


or.  equivalently. 


J*(s) 


cos(r  sin  0 — nO)dO 


Just  as  the  tngonometric  functions  can  be  expanded  in  power  senes,  so  can  the 
Bessel  function 
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fo  *«>+*)! 


In  particular,  for  v = 0, 


4V*.. 

(I!)*  (2!)*  (3!)* 


For  v = I , 

...  . (&’  , ($0* 

§-  + -2j3f 

and  so  on  for  higher  values  of  v. 


CM. 2 Recurrence  Relations 

J.  i(.-)-  y^,(r)  = 2^J(r) 

/;(?)  = Jv-l(:)--mMz) 

* 

J'M  — -A+|(;)  + 7*M?) 

* 

y0'(r)  = -y.d) 


C.2  MODIFIED  BESSF.I.  FUNCTIONS 
C.2.1  Integral  Representations 


*o(r)  = — f*  ri-a’*V  + ln<2rsin:  0)]dt) 

Jt  Jo 

where  Ruler's  constant  y = 0.57722. 

KM  = P e-IO“h'  sinh1" t dt 

r(v  + |)Jo 

Kq(x)=  f cos(  \ sinh  fl  dt  = \ ^~lLdt  |.t  > 0| 
Jo  Jo  •<//*  -r  I 


A„(.t) 


x)  = sec  (iwt)  J 


co5(  r suih  /)cosh(vO  dt 


lx  > 0) 
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C.2.2  Recurrence  Relations 

If  L.  =e'm  K,.  then 

- iLv.,Cr)  = -'  Us) 
* 

L'v(:)  = L,-d:)-:Uz) 

i(r)  + ,<z)  = 2L'(s) 

Lfc)  = Lr+,(2)+*L,(z) 


C.3  ASYMPTOTIC  EXPANSIONS 

For  fixed  v (/  - I,  -2,  -3. .. .)  and  z — 0. 


" F<M-  I) 


For  fixed  i>  and  |r|  — * oc. 


/.(,)  ~ (|)  c™(.-  - f - ') 


For  fixed  i and  large  |r|, 


- I , (,i-  IKm-9) 


2!(8.*r 


where  ft  = 4^, 


C.4  GAMMA  FUNCTION 


r(?)=  f r-'e-'Jt 

Jo 

For  integer  n. 

F(/i  + 1 ) = «! 

For  fractional  values. 

r<i)  = XT1''2  = c— i>?  1.77245 

f($)  = V/J  = U)!~  0.88623 
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DECIBELS 


D.l  DEFINmON 

In  designing  and  implementing  an  optical  fiber  link,  it  is  of  interest  to  establish, 
measure,  and/or  interrelate  the  signal  levels  at  the  transmitter,  at  the  receiver,  at 
the  cable  connection  and  splice  points,  and  in  the  cable  A convenient  method  for 
this  is  to  reference  the  signal  level  either  to  some  absolute  value  or  to  a noise  level. 
This  is  normally  done  in  terms  of  a power  ratio  measured  in  ilectbrts  (dB)  defined 
as 

Power  ratio  in  dB  = 10  log  ^ (D-l) 

" i 

where  P i and  Pi  are  electric  or  optical  powers. 

The  logarithmic  nature  of  the  decibel  allows  a large  ratio  to  be  expressed  in 
a fairly  simple  manner  Power  levels  differing  by  many  orders  of  magnitude  can  be 
simply  compared  when  they  arc  in  decibel  form.  Some  very  helpful  figures  to 
remember  arc  given  in  Table  D-l.  For  example,  doubling  the  power  means  a 3- 
dB  gam  (the  power  level  increases  by  3 dB).  halving  the  power  means  a 3-dB  loss 
(the  power  level  decreases  by  3 dB).  and  power  levels  differing  by  factors  of  10*  or 
10“*  have  decibel  differences  of  +I0/V  dB  and  -I0A'  dB.  respectively 


TABI.F.  D-l 

Examples  of  decibel  measures  of  power  ratios 


Power  ratio 

ta* 

to 

2 

1 

0.3 

0.1 

10- * 

dt) 

+ 10* 

+ 10 

-+l 

0 

-3 

-to 

-to* 
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D.2  THE  dBm 

The  decibel  is  used  to  refer  to  ratios  or  relutivc  units.  For  example,  we  can  say  that 
a certain  optical  fiber  has  a 6-dB  loss  (the  power  level  gets  reduced  by  75  percent 
in  going  through  the  fiber)  or  that  a particular  connector  has  a 1-dB  loss  (the 
power  level  gets  reduced  by  20  percent  at  the  connector)  However,  the  decibel 
gives  no  indication  of  the  absolute  power  level  One  of  the  most  common  derived 
units  for  doing  this  in  optical  fiber  communications  is  the  dHm  This  is  the  decibel 
power  level  referred  to  I tnW  In  this  ease,  the  power  in  dBm  is  an  absolute  value 
defined  by 


p 

Power  level  = 10  log- — — (D-2) 

I mW 

An  important  relationship  to  remember  is  that  0 dBm  = I mW.  Other  examples 
arc  shown  in  Table  D-2. 

I \RI  »:  D-2 

Examples  nf  dBm  units  (decibel  measure  of  power  relative  to  I ni\\  > 


Power  (mWi 

too 

It) 

2 

1 

0.5 

0 1 

ll.OI 

0001 

Value  (dBm) 

♦ 20 

• 10 

4) 

0 

-) 

-10 

-20 

-JO 

D.3  THE  NEPER 


The  neper  (N)  is  an  alternative  unit  that  is  sometimes  used  instead  of  the  decibel 
If  P,  and  P:  arc  two  power  levels,  with  P:  > P\ . then  the  power  ratio  in  nepers  tv 
given  as  the  natural  (or  naperian)  logarithm  of  the  power  ratio: 


_ f 1 . 

Power  ratio  tn  nepers  = - In  — 


03-3) 


where 


In  <■  = In  2.71828  = I 


To  convert  nepers  to  decibels,  multiply  the  number  of  nepers  by 

20  loge  = 8.686 
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E. 1  CORRELATION  FUNCTIONS 

A spectral  density  function  is  often  used  in  communication  theory  to  describe 
signals  in  the  frequency  domain.  To  define  this,  we  first  introduce  the  autocorrela- 
tion function  II J r).  defined  as 

I fr#/J 

/U(r)  = — v(t)tit  - r)dt  (E-l ) 

7o  J-r./j 

where  t<<)  is  a periodic  signal  of  period  To  The  autocorrelation  function  measures 
the  dependence  on  the  time  r of  i it)  and  - r),  An  important  property  of  K,\ r) 
is  that,  if  r\t)  is  an  energy  or  power  signal,  then 

I rr,/* 

K„<0)  = Uu||:=—  «*<»><*  (E-2) 

#o  J_r,/2 

where  Hull'  represents  the  signal  energy  or  power,  respectively. 

F. .2  SPECTRAL  DENSITY 

Since  R,.(r)  gives  information  about  the  time-domain  behavior  of  i{l),  the  spectral 
behavior  of  tit)  in  the  frequency  domain  can  be  found  from  the  Fourier  transform 
of  /<  (rl  We  thus  define  the  spectral  density  f | by 
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C,(/)=fl«,(r)l«= 


r 

J-<x 


/Mr  U,/ll,,Ur 


<E-3) 


The  fundamental  properly  of  G,(  f)  is  that  by  integrating  over  all  frequencies  we 
obtain  |u||2: 


G,(/W  = K,  (0)  = Hi-ll2 


IE-4) 


The  spectral  density  thus  tells  how  energy  or  power  is  distributed  in  the 
frequency  domain  When  e(0  is  a current  or  voltage  waveform  feeding  a I - ft 
load  resistor,  then  (#,,(/)  is  measured  in  units  of  watts,  hertz  For  loads  other  than 
I ft.  (?,(/)  is  expressed  either  in  volts2  hertz  or  amperes2 /hertz.  The  symbol  S is 
often  used  in  electronics  books  to  denote  the  spectral  density. 

Consider  a signal  t</)  that  is  passed  through  a linear  system  having  a trans- 
fer function  h(D  The  output  signal  is  given  by 

>■(/)  = MrlxU) 


If  %<r>  is  modeled  m the  frequency  domain  by  a spectral  density  (#,(/)  and  the 
linear  system  has  a transfer  function  //( f),  then  the  spectral  density  of  the 
output  signal  yit)  is 

G,(f)  = \H{/)\ 2C,(/)  (E-5) 


E.3  NOISE-EQUIVALENT  BANDWIDTH 

A white-m>isr  signal  «</)  is  characterized  by  a spectral  density  that  is  Hal  or 
constant  over  all  frequencies,  that  is. 

G„</)  = !j  = constant  |E-$) 

The  factoi  I indicates  thal  half  the  power  is  associated  with  positive  frequencies 
and  half  with  negative  frequencies. 

If  white  noise  is  applied  at  the  input  of  a linear  system  that  has  a transfer 
function  //(/').  the  spectral  density  CJ(,(  / ) of  the  output  noise  is 


o'o(f)  = \mn\'GH(f) 

= ?l//(/)lJ 

(E-7) 

Thus,  the  output  noise  power  No  is  given  by 

No  = r f*o(  / ) df  — n 

~l//(/)|2<// 

(E-8) 

ll  ihc  same  noise  comes  from  an  ideal  low-pass  filter  of  bandwidth  H and 
amplitude  //( 0)  that  is.  ihc  magnitude  of  an  arbitrary  filter  transfer  function  at 
zero  frequency — then. 


So  = 


(E-9) 
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By  combining  Eq.s  (E S)  and  (E-9),  we  define  a noise-equivalent  hanthmith  B as 


8 = 


1 


(E-10) 


F.4  CONVOLUTION 

Convolution  is  an  important  mathematical  operation  used  by  communication 
engineers  The  convolution  of  two  real-valued  functions  pit)  und  qil)  of  the 
same  variable  is  defined  as 

pit)  •</(/)=  [ /H *)</(/  - x)  dx 

J -ao 

= [ q(  x)pit - x)  dx 

J-OC 

= qit)*  pit)  (E-ll) 

where  the  symbol  * denotes  convolution.  Note  that  convolution  is  commutative. 
Two  important  properties  of  convolutions  arc 

n/KO  • =»  /*LOCCO  (E-12) 

that  is.  the  convolution  of  two  signals  in  the  time  domain  corresponds  to  the 
multiplication  of  their  Fourier  transforms  in  the  frequency  domain,  and 

Flrt'WO]  = «/>•(?</)  (E-13) 

that  is.  the  multiplication  of  two  functions  in  the  time  domain  corresponds  to 
their  convolution  in  the  frequency  domain. 
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FACTORS 
CONTRIBUTING 
TO  DISPERSION 


As  noted  in  See  2.4.  the  wave  propagation  constant  ft  is  a function  of  the  wave- 
length, or.  equivalently,  the  angular  frequency  w.  Since  ft  is  a slowly  varying 
function  of  this  angular  frequency,  one  can  see  where  various  dispersion  effects 
arise  by  expanding  ft  in  a Taylor  series  about  a central  frequency  «*>.  Doing  so  to 
third  order  yields 

/Had  =»  /W<uo)  + <*>o)  + ^ )(«*>  - + g /M«un)(<i>  - «*>)'  (F-l) 

where  /i„(ait))  denotes  the  ruth  derivative  of  ft  with  respect  to  u>  evaluated  at 
to  = <uo,  that  is. 


The  first  term  causes  a phase  shift,  and  the  product  ; 

(i  e.,  z times  the  difference  in  the  .v  and  >•  components  of  ft»)  describes  the  polar- 
motion  evolution  of  the  optical  wave. 

In  the  second  term  of  Eq.  (F-l),  the  factor  fti((Oo)z  produces  a group  delay 
Tf  = :/ 1',.  where  z is  the  distance  traveled  by  the  pulse  and  F,  = I /ft,  is  the  group 
velocity  [see  Eqs  (3-13)  and  (3-14)]  Hence,  the  expression 

Atpot  = sl/J,,  — ft\f\  (F-3) 

is  called  ihe  polarization  mink  dispersion  (PMD)  of  the  ideal  uniform  fiber  [sec  Eq 
|3-28)|  Note  that  in  a real  fiber  the  PMD  varies  statistically  and  is  calculated 
according  to  Eq.  (3-29) 


FACTORS  CONTRIRirTINCi  TO  DOrtUOM 


In  the  third  terra  of  Eq.  (F-l ),  the  factor  ft  shows  that  the  group  velocity  of 
a monochromatic  wave  depends  on  the  wave  frequency.  This  means  that  the 
different  group  velocities  of  the  frequency  components  of  a pulse  cause  it  to 
broaden  as  it  travels  along  a fiber  This  spreading  of  the  group  velocities  is 
known  as  chromatic  dispersion  or  group  velocity  dispersion  (GVD).  The  factor 
ft  is  thus  known  as  the  Gl'D  parameter  (see  Sec  3.2.2)  As  noted  in  Eq  (3*17). 
the  dispersion  D is  related  to  Pi  through  the  expression 


Ln  the  fourth  term  of  Eq.  (F-l).  the  factor  ft  is  known  us  the  third-order 
dispersion  This  term  is  important  around  the  wavelength  ut  which  ft  equals  zero. 
The  third-order  dispersion  can  be  related  to  the  dispersion  D and  the  dispersion 
dope  So  = tiD/d).  (the  variation  in  the  dispersion  D with  wavelength)  by  trans- 
forming the  derivative  with  respect  to  &>  into  a derivative  with  respect  to  A..  Thus 
we  have 


INDEX 


A 


Absorption  coefficient.  245  246 
in  photodiodes,  245-246 
in  silicon.  246,  268 
Absorption  in  fihers.  94-97 
by  atomic  defects.  94  95 
extrinsic  (impurity),  94- 97 
infrared,  96-97 
intrinsic.  96  97 
ultraviolet.  96-97 
Acceptor.  145 
Acceptor  level.  145 
Acousto-optic  tunable  filter  (AOTF), 
413  414.  418 

Activation  energy.  191-192 
Active  region.  142 
Add, drop  multiplexer.  476  477 
Alloys.  III-V.  153-156 
AllWavc*'  fiber.  10.  93.  96 
Amplified  spontaneous  emission  (ASF.) 
noise.  437-441 


Amplified  spontaneous  emission  (ASF) 
noise  (Conr.) 
beat  signals  of.  438-439 
origins.  437-438 

versus  pump  power  and  fiber  length. 
438-439 

Amplifier,  electrical.  305-312 
high- impedance  til/).  306 
high-impcdancc  bipolar  transistor. 

309  310 

high-impcdancc  FET,  307  309 
low-impedance  (LZ).  306 
transimpcdance  (TZ).  306,  310  311 
( See  aho  Receiver) 

Amplifier  optical  (.ire  Optical  amplifier) 
Amplifier  noise.  277  279.  289  290 
Amplitude  modulation,  multichannel, 
367-370 

Amplitude-shift  keying  (ASK).  275-276 
Analog  links,  359-360 
Analog  modulation.  185-189.  367  373 
Angle  of  incidence.  33 
Angular  misalignment  loss.  218, 
222-224.  230-231.  233 
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APD  ( viv  Avalanche  photodiode) 
Arrhenius  relationship.  I I 192 
Attenuation: 
absorption.  94  97 
AlIWuve"  fiber.  10.  93.  9* 
bending  loss.  100-103 
coefficient.  92 
cladding  loss.  103 
core  low.  103 
definition  of,  92 

lontnng-radiution  induced,  94  95 
scattering.  97  100 
units.  92  9.3.  577-578 
versus  wavelength.  II  9.3.  99  100 
Automatic  repeat  request  (ARQ). 

3.39  340 

•\vdLinchc  cITcct.  249 
Avalanche  gain 
definition  of,  250  251 
empirical  equation  for  2*9 
optimum  value  of.  257.  29*  297 
in  silicon,  252 

statistics  of.  262  264.  278  279 
temperature  effects  on.  26*  267 
Avalanche  multiplication  noise.  262, 

263  264 

Avalanche  photodiode  (APD),  249.  250. 

251,  252 

carrier  ionization  rate  ratio.  250. 

263-264 

comparisons  of,  267 
curnmt  gain.  250  252.  257 
multiplication  noise.  262  264 
noise  figure.  254.  262  2*4 
reach-through  construction,  249-250 
responsivity.  252 
structures,  249.  2*4-265 
temperature  effects  in.  26*  267 
Axial  displacement  loss.  218  221.  223. 

230.  233 
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Band  gap  energy,  143.  148.  195. 

244  245 

in  GoAlAs.  1 55- 1 56 
in  quaternary  alloys.  156.  194  195 
Bandwidth 

or  fibers.  105  106.  121.  129  130 
laser  diode.  180  181 
LED,  160  161 

noise  equivalent.  290.  293.  580  58 1 
3-dH  optical.  160  161,  330-331 
photodiode.  259-262 
receiver  front  end,  3.38 
simplex  links.  328  332 
Bandwidth-dtstunce  product.  6.  105-106 
Barrier  potential.  14*  148 
Baseline  wander.  33*  337 
Bending  losses.  100  103.  130  133 
Bessel  functions.  50,  574  57* 
Bidirectional  self-healing  rings  (ire 
SONET/SDH  ring! 

Biphase  codes  (.uv  Codes,  optical 
Manchester) 

Birefringence,  *4 

Bit  error  rate  (BF.Rf.  282.  285  287,  295 
Bit  period.  275 
Block  codes.  338  339 
Bragg  grating  t.vrc  F iber  grating) 

Bragg  reflector.  1*4 
Bragg  wavelength.  179 
Brightness  (m  Radiance) 

BSIIR  (see  SONET  SDH  ring) 

Buried  helcrostructurc  («*«- 

Hctcrojunction.  Helcrostructurc) 
Bun  us  diode  Her  Light  emitting  diode) 
Bus  topology 
architectures.  459  460 
dynamic  range,  465-ffi* 
full-duplex.  4*3 
losses  in.  461  4*3 
performance  comparison.  4*5 
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Bus  topology  (Coni.) 
power  budget.  463  465 
simplex.  463 


c 


Cables.  80  82 
Cabling  loss.  102 

( See  also  Attenuation,  bending  loss) 
Carrier: 

confinement.  150  152.  163  164 
excess  density.  156 
extraction.  146 
injection,  146 

intrinsic  concentration.  143  144 
lifetime.  156  157.  158.  168.  245 
majority.  146 
minority.  146 

recombination  145-146.  157-158. 

167  -169 

Carrier  power.  360-362 
Carrier  wave.  I.  367 
CarrieMo-n disc  ratio.  360-366 
Catastrophic  degradation  (see  Facet 
damage) 

CATV  distribution  system.  367.  376  377 
Chalgcnulc  glasses.  69  70 
Channel  codes  (see  Codes) 

Channel  spacing.  380  381.  382.  407.  409 
Characterization  of  optical  sources. 

558  560 

Chirping,  347-349 
Chromatic  dispersion.  104 
(Ses>  also  Dispersion) 

Circulator,  402.  413 
Cladding.  35  36 
(See  also  Optical  fiber) 

Cladding  loss.  103 
(See  also  Attenuation) 

Codes.  335  339 


Codes  (Cunt.) 

alternate  mark  inversion  tAMI). 

337-338 
block,  338-339 
cyclic.  340 

error-correcting.  340.  341 
nonretum-to-zero  (NRZ),  336  337 
optical  Manchester.  337-338 
rcturn-to-zero  (RZ),  337-338 
Coherent  source,  142 
Computer-aided  modeling.  15  20.  21 
Concatenated  fibers.  329 
Conduction  band.  143  145 
Connectors: 
definition.  215 
requirements,  231 
return  loss.  234-236 
single-mode.  233 
types,  232-233 
Convolution.  581 
Core.  35-36 
(.See  also  Optical  fiber) 
Core-cladding  index  difference  (tec 
Refractive  index) 

Core  losses,  103 
(See  also  Attenuation) 

Correlation  function.  579 
Coupler  (tee  Optical  coupler) 
Coupling  efficiency: 
definition  of.  204 
lensing  schemes  for.  212-215 
(.See  also  Optical  coupler:  Power 
coupling) 

Critical  angle  of  incidence.  33  34 
Cross-phase  modulation  (see  Nonliner 
optical  effects) 

Cutoff  condition  (tee  Modes) 

Cutoff  wavelength 
in  fibers.  46.  55  56.  125  127 
in  photodiodes.  245  246.  249 
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D 


Dark  current  comparisons,  255 
Decibel: 

delinition  of,  92  -93 
dBm.  93,  578 
Dense  WDM.  382 
(See  oho  WDM  i 
Depletion  of  carriers, 
definition  of.  244  245 
effect  on  photodiode  response. 

259-261 

Depletion  region.  147  148.  244  245 
in  Al’Ds,  249  250 
in  pin  photodiodes.  244  245 
response  time,  259  261 
Diffusion: 
coefficients.  245 
of  electrons  and  holes,  244-245 
length.  245 

Digital  system  (DS).  4 
Digital  transmission  rates,  3 6 
Direct-hand-gap  semiconductor.  148 
Direct-melt  technique.  75 
Dispersion: 

calculation  of.  127  1 33 
chromatic.  104,  583 
comparisons  of,  1 26 
definition  of.  107.  582  583 
in  gruded-indox  libers.  115  121 
GVD  parameter,  107.  583 
intramodal,  104,  108 
material.  104.  108-1 10.  333 
minimum  of.  Ill),  125  126 
modal.  329  330.  333,  334 
polarization-mode.  113-115.  549  550. 

582 

in  step-index  libers.  103  104.  108-111 
waveguide.  104,  109  111.  112 
Dispersion  calculation,  127  133 
Dispersion  compensating  fiber  (DCF). 

501-502 

Dispersion  compensation  501 


Dispersion  management.  500-502 
Dispersion  measurements,  128-129, 
544-550 

Dispersion  slope.  128  129.  583 
Distortion 

compensation  techniques,  188 
harmonic.  185-188 
mtcrmodal.  37.  104.  115 
intcrmoduhitton.  185-188 
in  single-mode  libers.  1 12-1 13 
(.Sir  also  Dispersion) 
Distnbutcd-Bragg-rcflcctor  laser  (see 
Laser  types) 

Distnbulcd-fecdback  (DfB)  laser  (.tee 
Laser  types) 

Distnbutcd-reflector  laser  (.tee  Laser 
types) 

Donor.  144 

Donor  level,  144 

Dopants  for  glass,  67 

Doping  in  semiconductors  144 

Double -crucible  method.  75 

Drawing  furnace,  70-7 1 

Drift  velocity  of  earners.  259  261 

Dynamic  fuligue  in  fibers.  78-  80 

Dynamic  range.  465  466 


E 


CDFA 

amplification  mechanism.  431  -133 

architectures.  433  434 

effects  of  RIN.  454 

energy  level  diagram.  432 

gain.  435  437 

gam  control.  445.  447 

gam  testing.  561  562 

materials.  430  431 

noise  figure  testing.  561  563 

power  conversion  efficiency.  434  435 

pump  levels.  433 


I MUX 


EDFA  (Cwtf.) 

quantum  conversion  efficiency.  435 
saturated  output  power.  437 
transition  processes  in  erbium  ions, 

422 

Edge  jitter.  557 
Effective  area.  490  491 
Effective  length.  490-491 
EH  mode  ( »<■<•  Modes) 

Electric  field,  27.  146 
Electromagnetic  spectrum,  2 
Emission  response  time.  1 50 
Energy  band  diagrams.  145-145 
Energy  bands.  142  145 
Energy  gap  {see  Band  gap  energy) 
Epitaxial  growth.  149  150 
Equalizer.  279-280.  281 
Equilibrium  numerical  aperture. 
210-211,  217 

Erbium-doped  fiber  amplifier  {see 
EDFA) 

Error  function.  285.  295 
Error  probability,  282  287.  295 
Enor  sources.  277-279 
Evolution  of  lightwave  systems.  6-8 
Excess  noise  factor.  254.  262  264 
External  modulator,  II.  180 
ExUnction  ratio.  287.  303  305,  348 
Extrinsic  material.  144-146 
Eye  pattern.  554  557 
edge  jitter,  557 
eve  opening.  555 
eye  width.  555 
noise  margin.  556^  557 
psuedonindom  binary  sequence 
tPRBS).  556 
sampling  Lime.  556  557 
threshold  level.  556 
tuning  jitter.  557 


F 


Fabry- Perot  cavity.  163-165,  177 
Facet  damage  in  lasers, 
catastrophic  degradation.  193 
erosion,  193 
EibreChanncl.  339.  340 
Fiber  f.nv  Optical  liber) 

Fiber  beat  length.  64 
Fiber  Distributed  Data  Interface 
(FDDI).  339.  340 
Fiber  drawing.  70-71 
{See  also  Optical  fiber,  fabrication  of) 
Fiber  grating.  399-402 
applications.  402.  412-413 
fabrication  of.  40(M0I 
grating  equation,  400 
order.  400 
period  of.  399 
pilch.  399 

Fiber  grating  filters.  399  402 
Fiber  loss  {see  Attenuation) 

Fiber  optic  lest  procedures  (FOTPS). 
535.  541 

{See  also  Standards) 

Fiber  systems  («r  Transmission 
systems) 

Fibcr-to-fiber  joints.  217-226,  230-231 
coupling  efficiency.  216 
end  face  preparation.  225  226 
fiber  related  losses.  224  225 
mechanical  misalignment  losses. 
218-224 

power  loss  factors.  215-218 
smgle-modc  fibers.  230-231 
First  window.  6 7.  10.  12.  332-333 
Fluonde  glasses,  68  69 
Flylcad,  204 

Forward-biased  junction.  148 
Forward  error  correction  (FEC). 
339-340 

Four-wave  mixing  {see  Nonlinear 
optical  effects) 
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Fourier  transform.  280-281 
Frequency  chirping.  497 
Frequency  modulation,  multichannel. 
367,  370  373 

Frequency-selective  reflector,  178 
Fresnel  reflection.  209,  551 
Fresnel  transmission  coefficient.  159  160 
Fresnel  transmissivity,  159 
Full-duplex  link.  463 
Fused  silica.  67-68 
Fusion  splicing,  228-229 
(See  <i! so  Fibcr-to-libcr  joints) 


G 


Gain  coefficient  (see  Optical  gain 
coefficient) 

Gain  of  optical  amplifier  (ire  Optical 
amplifier) 

Gamma  function.  576 
Gaussian  distribution.  284  285.  295.  298 
Gaussian  noise.  284  285 
Gaussian  pulse.  298.  300  301 
Geometrical  optics  (tee  Light 
propagation) 

Glass  fiber 
active,  69 
dopants,  67 

manufacturing  of.  7o  75 
materials.  67  70 
mechanical  properties.  76  80 
(See  also  Optical  fiber) 

Gradcd-indcx  fiber.  36  37 
Graphical  programming  languages. 

17-18 

Griffith  microcrack..  76  77 
Group  delay.  106  108.  Ill 
Group  velocity,  103  104  107 
Group  velocity  dispersion  (GVD),  104. 
583 

(See  also  Dispersion) 


Guided  modes  (.tee  Modes) 
GVD  parameter,  107.  583 


H 


Harmonic  distortion,  185  188 
HE  mode  (set  Modes) 

Heavy-metal  fluoride  glass,  68-69 
( See  also  Optical  fiber) 
Helcrojunction.  141.  150-151 
carrier  confinement  in.  150-151, 
163-166 

optical  confinement  in.  150-151, 

163  166 

structure.  1 50  1 53 

(See  also  Laser  diode,  Light-emitting 
diode) 

Hctcrostructure.  150-153,  173 
Hole.  143 
Hub.  461 

Hybrid  modes  (.iee  Modes) 


I 


Impact  ionization.  249 
Impulse  function.  300 
Index  difference.  39 
(See  also  Refractive  index  difference) 
Index  of  refraction  (see  Refractive 
index) 

Indircct-bund-gap  semiconductor.  148 
Injection  luscr  (see  Laser  diode) 
Integrated  services  digital  network 
(ISDN).  6 

Intcrmodal  delay.  104 
Intermodal  distortion  (see  Dispersion. 
Distortion) 


TNDEX 


Intcrmedulution  distortion.  I H5  I K8. 
368-370 

Intermodulation  products.  368-370 
beat  stacking.  368-369 
composite  second  order  (CSO),  370 
composite  triple  beat  (CTB),  370-371 
triple-beat  IM.  368  369 
two-tone  third-order  IM.  368  369 
Intcmul  reflection,  33-34 
International  system  of  units,  569 
Intersymbol  interference.  278  279, 

297  298.  302-303.  349-351.  565 
Intramodal  dispersion  (wr  Dispersion) 
Intrinsic  earner  concentration,  143-144 
Intnnsic  material,  145  146 
Ionization  rate.  250.  262  264 
values  of,  251,  264 
ITt  I Recommendations.  125,  128, 
129,  382.  535-536 
(See  also  Standards) 


J 


Jackets  (see  Optical  fibers) 
Joints  ( ree  l ibcr-to-fiber  joints) 


K 


Kerr  effect.  496 


L 


LahVicw",  17 

Lambertian  pattern,  152,  206 


Lambertian  source,  152.  206-207 
Large-cfTectivc-arca  (LEA)  fibers. 

126  127 

Laser  clipping.  375-376 
Laser  diode.  161-184 
emission  pattern,  163,  171  180 
external  quantum  efficiency.  169 
materials.  153-156 
modal  (speckle)  noise.  188-189 
mode-partition  noise.  189-190 
modes  in,  164  165,  560,  561 
modulation  of.  180  181 
output  linearity  of,  185  188 
output-power  versus  dnve-currcnt, 
166-167 

peak  wavelength,  560,  561 
rate  equations,  167-169 
reflection  noise,  190 
relaxation  oscillation,  182 
reliability  of,  190  193 
resonant  frequencies,  169-171 
single-mode,  177  180 
spectral  width.  104.  407,  559  560.  561 
spontaneous  emission.  1 62 
stimulated  emission.  162 
structure.  163-164.  171-180 
temperature  effects  on.  182  185 
threshold  conditions.  165  166 
threshold  current.  167 
tuning  range  of.  406-407 
Laser  types: 

distnbutcd-Bragg-reflector  (DBR), 
178,  180 

distnbutcd-fcedback  (DEB),  164. 
179-180 

disiributcd-rcflcctor  (DR),  178,  180 
gain-guided,  172 
index -guided.  172 
multimode  (Fabry-Pcrol).  170-171 
multiple-quantum- well  (MQW),  176. 
197 

surface  emitting.  177 
tunable.  405-408 
losing  cavity,  162-165.  171  180 
dimensions  of.  162-163 
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Using  cavity  ( Coni .) 

modes  of.  164-165 
Using.  162.  165-166 
Lateral  dimensions  in  a lasing  cavity. 
164 

Lateral  displacement  loss  (we  Axial 
displacement  loss! 

Lateral  modes  in  a lasing  cavity.  165 
Lattice  constant,  149 
Lattice  matching,  149  150.  155  156 
Lattice  spacing.  148  149.  1 55  156 
Law  of  brightness.  212 
Leaky  modes.  45-46 
(See  also  Light  ray.  Modes) 
Lifetime  l tee  Carrier  lifetime.  Photon 
lifetime) 

Light  emitting  diode  (LEO).  150-161 
configuration.  150  153 
double  heterojunction.  150  151 
edge  emitting.  151  153 
emission  pattern.  1 52  1 53.  206  207 
frequency  response  of.  161 
full-width  at  hall-maximum 
(FWHM).  558 
CiaAIAs.  153 
InCiaAsP.  153-156 
materials.  153  156 
modulation  bandwidth.  160  161 
output  linearity  of  185  188 
output  power.  160,  558 
peak  wavelength.  558 
reliability  of.  190  192 
spectral  width  104.  153  154.  157, 
558  559 

surface  emitting,  151  152 
'-dB  bandwidth,  160  161 
'•dB  spectral  width,  559 
Light  propagation: 
comparison  of  methods.  37  39 
geometrical  optics  approach.  27.  38 
physical  optics  viewpoint.  4 1 43 
ray-tracing  approach.  39  41 
wave  optics  viewpoint,  41  43 
Light  ray.  27 
congruences,  38 


Light  ray  (C'wir.) 
leaky.  40 
meridional.  39  40 
propagation  of.  26-27.  41-43 
skew  ray.  39  40 
Light  wave: 

circularly  polarized.  30  3 1 
linearly  polarized.  27  28 
physical  optics  viewpoint.  26 
plane.  27-28 
transverse.  27 
wave  optics  viewpoint.  26 
Line  (.«•«•  SONET) 

Line  coding  (see  Codes) 

Linear  bus  (see  Bus  topology  ) 

Linearly  polarized  (LP)  modes,  44 
( See  aha  Modes) 

Linearly  polarized  waves.  27 
(See  also  Polarization) 

Lmewidth  enhancement  factor.  347 
Link  loss  or  power  budget.  323.  325  328 
calculation.  325-328 
graphical  representaiion.  327 
spread-sheet  representation.  328 
Link  power  margin.  325-328 
Local  area  networks.  461  467 
bus  topology.  461  -466 
general  topologies.  459  460 
star  topology,  466  -467 
Long-wavelength  region.  10 
Longitudinal  dimensions  in  a lasing 
cavity.  164 

Longitudinal  modes  in  a lasing  cavity 
165 

Longitudinal  separation  loss.  218.  222. 
223  224.  231.  233 

Losses: 

in  fiber  joints  (.scr  Fibcr-to-fibcr 
Joints) 

in  fibers  (see  Attenuation) 


M 


MaCrobending  losses*.  100  101 
Majority  carrier*.  146 
(See  also  Carriers) 

Muss- action  luw.  145-146 
Mutcnul  dispersion.  104.  108-110 
(See  also  Dispersion) 

Maxwell's  equations.  43-44.  47 
Measurements: 
attenuation.  Ml  <44 
chromatic  dispersion.  548  544 
eve  patterns.  554  557 
general  considerations.  533-534 
intermoda!  dispersion.  544  548 
optical  spectrum  analyzer 
applications,  558-563 
OTDR.  550-554 

polarization  mode  dispersion.  549-550 
standards.  535-536 
test  equipment.  536-541 
Mechanical  properties  of  libers.  76-80 
dynamic  fatigue.  78  80 
proof  testing.  78  79 
static  fatigue.  76  78 
strength.  76-80 
tensile  strengths.  76  78 
Melting  temperature  of  glass.  67 
Meridional  rays,  39 
(.See  also  Light  ray) 

Microbends.  101-102 
Microcracks  in  fibers.  76-77 
I See  also  Optical  fibers,  mechanical 
strength) 

Minimum  detectable  power.  253 
Minority  earners.  146.  156 
(See  also  Carrier) 

Modal  dispersion  (see  Dispersion) 

Modal  noise 
in  lasers.  189 
in  systems,  341  344 
Mode  coupling  45.  121-122 
Mode-field  diameter.  63-64.  130  131 


Mode-partition  noise.  189  190.  344  347 
Modes  in  fibers.  35.  37-39 
bound,  35.  37  39,  56.  66 
boundary  conditions.  51-52 
coupling.  45.  121  122 
cutoff  condition.  46,  51,  54-55 
in  graded -index  libers.  66 
guided.  37  39 
hybrid  (F.H.  HF).  44.  49 
leaky,  45  46 

linearly  polanzrd  (LP).  44.  56-60 
normalized  propagation  constant, 
54-55,  58 

number  of  in  graded-index  fibers,  66 
number  of  in  step-index  fibers,  46.  56 
order  of.  44.  54 
radiation.  45 

m step-index  fibers.  50-56 
transverse  electric  (EH).  44,  49.  54 
transverse  magnetic  (TM).  44.  49 
trapped.  35.  37-39 
tunnel  effect.  46 
weakly  guided.  54.  56-59 
Modes  in  lasers.  163  165 
Modified  chemical  vapor  deposition 
(MCVD)  process.  73  74 
Modulation,  180 
analog,  181.  185  188 
bandwidth,  160  161 
digital.  181 
external,  II.  180 
of  a laser  diode,  180  181 
of  an  LED.  160-161 
Modulation  depth.  185 
Modulation  index.  185.  368 
Monomode  fiber  tree  Single-mode  liber » 
Multifunction  test  systems.  538.  540  541 
Multimode  fiber  (uv  Optical  fiber) 
Multiple  quantum  well  (MQW)  laser 
( set  Laser  types) 


594 


INTO* 


N 


n*typc  semiconductor.  145 
Neper.  92.  578 
Network: 
definition.  458 

local  urea  network  (LAN).  459-166 
mctropoliLun  area  network  (MAN). 
459 

star.  466  467 
topologies.  459  460 
wide  area  network  (WAN).  459 
Node.  458 

Noise  equivalent  bandwidth.  281.  284. 
580  581 

Noise  figure  of  an  APD.  254.  262-264 
Noise  figure  of  an  EDKA.  440-441, 
561  563 

Noise  margin  (see  Eye  diagram) 

Noise 

avalanche  multiplication.  254. 

262  264 

dclimtioo  of.  277 
excess.  254.  262-264 
Gaussian.  284-285 
in  laser  diodes.  188  190 
from  optical  amplifier.  438  -439 
photodetector.  25,3  257 
quantum.  254,  279 
receiver.  277  279.  289  290 
reflection,  in  lasers.  190 
rms,  285 

shot.  254,  277.  291  292 
spectral  density,  290,  307  .308,  309 
thermal  (Johnson!.  256-257.  279, 

289  290.  294,  308 

voltage,  total  mean  square,  289-290, 
293 

white.  280.  580 

Nonlinear  distortions  (see  Optical 
source,  linearity) 

Nonlinear  index  coefficient.  49b 
Nonlinear  optical  effects.  488  502 


Nonlinear  optical  effects  (Coni  > 
Bnlloum  gam  coefficient,  494 
Brilloum  lincwidth,  494 
cross-phase  modulation  (XPM),  49S 
four-wave  mixing  <FWM),  498  500. 
525 

Ken  effect.  49b 
Ken  nonlinearity.  496 
nonlinear  index  coefficient.  496 
Raman  gain  coefficient.  492 
pump  wave.  491 
self-phase  modulation  (SPM I 
496-498 

sources  of  nonlinearity.  488-490 
stimulated  Bnlloum  xcatlcnng  (SBS). 
494  496 

stimulated  Raman  scattering  (SRSi, 
491  494 

Stoke's  photon.  49 1 
{See  also  Dispersion  management) 
Normalized  frequency  (.veo  V number) 
Normalized  propagation  constant 
54-55.  58.  109-110 
(See  also  Modes) 

Normalized  receiver  bandwidth 
integrals.  293.  300  301 
NR/  codes  (see  Codes | 

Numerical  aperture.  42 
axial.  66 

equilibrium,  210-211.  217 
m grnded-mdex  fibers.  65  -66 
local,  66 

in  sicp-mdcx  fibers.  42,  56 


o 


On-olT  keying  (.see  Amplitude  shift 
keying) 

Optical  amplifier 
amplifier  saturation  power.  430 
external  pumping,  427-429.  431-434 


r*oex 


Optical  amplifier  (Con/ ) 
gain  per  unit  length,  428 
in-line  amplifier,  424  425.  442  44.3 
noise  figure,  44d  44 1 
output  saturation  power,  430—431 
power  amplifier,  424-425.  441-442 
preamplifier,  424  425.  443-444 
rate  equation*.  427  428 
signal  gain,  42V  430 
spectral  bandwidth.  444  440 
Optical  attenuator.  537  53K 
Optical  earner  - level  N (OC-N),  S 
t.SVr  al. so  SONET) 

Optical  code-division  multiple  access 
(COMA).  514  5 In,  526 
Optical  confinement.  150-151,  1 7 1 - 1 80. 
195  1% 

Optical  confinement  factor,  165.  429 
Optical  coupler  (ire  Coupler* 

Optical  coupler  characteristics: 
connecting  loss.  46 1 462 
coupled  powers.  386,  392.  393.  415 
coupling  coefficient.  385 
coupling  ratio.  387 
crosstalk.  387 
directional.  385 
excess  loss.  387.  394.  395 
insertion  loss.  .387 
intrinsic  loss.  462 
scattering  matrix  representation. 

388  390 

splitting  loss,  394 
splitting  ratio.  .387 
lap  loss.  462 
throughput  loss,  462 
Optical  coupler  types: 
active.  408-414 
fused  bicottical  tapered.  384 
fused-ftber  star,  393-394 
Mach-Zehnder  interferometer. 

396-399 
N X M.  384 
passive,  383  399 
star.  383  384.  393-395 
3-dB  387 


Optical  coupler  types  (Con/ 

2 X 2,  384-388.  390-393 
Optical  cross-connects,  483-485 
Optical  feedback.  164 
Optical  fiber 
buffers.  36.  133 
cables.  80  82 
cladding,  35  37 
core.  35-37 
fabrication  of.  70-75 
graded -index,  36-37 
jackets.  36.  133 
materials  for.  67  70 
mechanical  properties.  76  HO 
dynamic  fatigue,  77 
proof  testing  of.  78  80 
static  fatigue  of.  76  78 
strength,  76  80 
WcibuJI  expression.  77 
multimode.  36-37 
power  flow  in.  59-62 
preform.  70 

refractive-index  profiles  of.  123  125 
single-mode.  36-37.  122  133 
(See  also  Single-mode  fibers) 
sizes  of.  37 
step-index.  36  37 
Optical  fiber.  3-dB  bandwidth  of. 

330  3.31 

(See  also  Transmission  finks) 

Optical  gam  coefficient.  165 
Optical  Manchester  code  (set  Codes) 
Optical  power 

carried  in  cladding.  46  47.  59  66 
carried  in  core.  46-47,  59-66 
Optical  power  meter.  536-537.  538 
Optical  pumping.  425.  426.  431-432 
codirectional.  433-434 
counterdircctional.  433-434 
(.Vcr  also  Optical  amplifier) 

Optical  source 
characterization,  558-560 
comparison  of  types.  142 
(.SYr  also  Laser  diode  Light  emitting 
diode) 


>96  inijh 


Optical  spectrum.  2 3 
Optical  spectrum  analyzer  (OSA),  539. 
558-563 

Optical  switch  (see  Photonic  switchings 
Optical  time-domain  reflcctormeter 
(OTDRl 

dltcnuution  measurements.  552-553 
characteristics.  539-540 
dynamic  range.  552 
fiber  fault  location.  553-554 
instrument.  539  540 
measurement  range.  552 
trace  characteristics.  551  552 
Order  of  modes  I ter  Modes) 

Outside  vapor  phase  oxidation  (OVPO), 
71  72 


P 


p-type  semiconductor.  145 
Packaging  losses.  102 
(Sec  d/so  Attenuation,  bending  loss) 
Packet.  480  481 
Path  (s.  r SONET) 

Phase  front  (see  Wove  front) 
Phascd-arniy  waveguide  grating  (see 
WDM  devices) 

Phonon.  I4S 
Photocurriers.  244 
Photocurrent.  245.  257  259 
Photodetector  (see  Avalanche 

photodiode,  pm  photodiode) 
Photodelector  noise.  252  257 
APD  gam  effect  on.  254.  262  264 
bulk  dark  current.  254-255 
definition  of,  253 
quantum.  254.  279 
shot.  254.  277.  291  292 
sources  of.  253  257 
surface  dork  current.  255 
(See  also  Noise  I 


Photon.  32 
Photon  energy.  32 
Photon  flux.  258 
Photon  lifetime.  180-181 
Photonic  design  automation  (PDA) 
tools.  15-21 

Photonic  switching.  483  485 
bar  state,  485 
cross  state,  485 

Photonic  Transmission  Design  Suite 
(PTDS*).  15-16.  19  2! 
Photonics  laboratory.  21 
Physical  optics  viewpoint  (see  Light 
propagation) 

Pigtail,  204 

pm  photodetector.  244-249 
comparisons  of.  267 
energy  band  diagram  for.  245 
quantum  efficiency,  247-248 
responsivity,  247-248 
reverse  btas  circuit  for.  244 
Plane  of  incidence.  33 
Plane  polarized  waves.  27  28 
Plane  wave.  27 
(.See  aha  Light  wave) 
Plasma-activated  chemical  vapor 

deposition  (Pt'VD)  process.  73 
76 

Plastic  fibers.  70 
(See  also  Optical  fiber) 
pn  junction.  141  142.  146  148 
forward-biased.  147 
reverse-biased.  146 
Point-to-point  link.  322-335 
attenuation  limit.  333.  334 
component  choices  for.  322-323 
dispersion  limits.  333.  334 
power  budget,  325  328.  332-335 
nsetime  budget.  328-  332 
single-mode  links.  334-  335 
system  considerations.  323  325 
Poisson  distribution.  278 
Polarization: 
circular.  30-31 
elliptical.  28  30 


imh>  59 


Polarization  (Cunt.) 
left-circular.  31 
linear.  27-2/1 
right-circular.  30 

Polarization-mode  dispersion  (PMD), 
115-115.  549  550.  582 
(.SVr  alto  Dispersion  | 

Polymer  fibers  {see  Plastic  fibers  I 
Population  inversion.  162 
( See  also  Laser) 

Power  {see  Optical  power  l 
Power  budget  {see  Bus  topology.  Link 
power  budget) 

Power  coupling: 
calculation  of.  207-210 
dependence  on  wavelength.  210 
fihcr-lo-fibcr.  215-226 
lascr-to-fiber.  214-215 
LED-to-ftbcr.  208-210 
LED-to-monornode  liber.  226-228 
tensing  schemes  for.  212-215 
[See  also  Kibcr-to-fiber  joints) 

Power  penalty.  287.  298,  302  303, 

304  305.  345.  348.  443.  489,  495. 
496.  504  505 
Preform.  70 

{Set  also  Optical  fiber,  fabrication  of) 
Probability  density  function.  284 
Probability  distributions.  282  283 
Probability  of  error  {see  Error 
probability) 

Profile  dispersion.  1 19 

Proof  testing  of  fibers  {see  Optical  fiber. 

mechanical  properties) 
Propagation  constant  (see  Wave 
propagation  constant) 

Protection  switching  ( tee  SONET  SDH 
rings) 

Protocol.  458 
Ptolomey.  17 

Pulse  broadening  {see  Dispersion) 

Pump  (see  Optical  amplifier:  Optical 
pumping) 


Q 


Q factor.  285.  286.  295 
Quunta.  32 
Quantum  efficiency: 
definition  of,  158 
external  in  laser  diodes.  169 
external  in  LEDs.  159  160 
internal  of  laser  diodes.  169 
internal  of  LEDs.  159  160 
in  photodctectors.  247  248 
Quantum  limit.  288-289 
Quantum-well  laser  (sec  Laser  types) 


R 


Radiunce.  150.  205.  212 
conservation  principle  of.  212 
Radiative  loss  { see  Bending  loss) 
Ruiscd-cosmc  pulse.  299 
Raman  effect  (see  Nonlinear  optical 
effects) 

Rate  equations: 
of  laser  diodes.  167  169 
of  LEDs.  157-158 
Ray  (.we  Light  ray) 

Ray  congruence.  38 
Ray  optics.  27 
Ray  tracing.  27.  38 
Rayleigh  scattering,  97  98.  99,  565 
Receiver 
analog,  312  315 
digital,  281-305 
error  sources.  277-279 
preamplifier.  305-3 1 1 
sensitivity.  292-297,  326 
thermal  noise  characteristic.  294.  308. 
310 

threshold  level.  276.  282  284.  286 


iNorx 
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Receiver  configuration.  279-280 
Receiver  noise  (.see  Noise) 

Receiver  sensitivity,  292-297.  326 
Rcvombimilion.  145-146 
lifetime.  158.  168 
nonradiative.  157 
radiative.  157 
rate  of.  1 57  1 58.  1 67  1 69 
Recombination  region,  142 
( See  also  Active  region) 

Reflection: 

critical  angle  of.  33  -34 
external.  33-34 
intemul,  33-34 
total  internal.  33  34 
Reflection  grating  for  WDM.  416 
(.See  til  so  Fiber  grating) 

Reflection  noise.  190.  349  351.  364 
Reflectivity  (ire  Fresnel  reflection) 
Refractive  index: 
of  air,  563 
definition  of,  32 
of  doped  silica.  67  08 
in  graded-indcx  fibers.  37 
Sellmeier  representation  of,  1 34 
in  single-mode  fibers.  123  125 
in  step-index  libers.  37 
Rcfraetive-indev  difference 
in  graded-mdex  fibers.  65  66 
in  step-index  fibers.  39 
Refractive  index  profiles.  123-125 
Relative  intensity  noise  (RIN).  362  366. 

375.  454 

Relaxation  oscillation  frequency. 

181-182 

Resonant  frequencies  of  a laser.  169-171 
See  also  Laser) 

Responsivity 

for  avalanche  photodiodes.  252 
in  pm  photodiodes.  247  248 
typical  values  of.  248 
Return  loss  (see  Connectors) 
Reverse-biased  junction,  147 
Ring  topology,  459  460 
(See  aha  SONET) 


Rise  time,  in  a system: 
calculation  of.  328  332 
in  a concatenated  link.  329-330 
definition  of.  328 

full-width  half-maximum  fFWHM). 
330 

GVD,  329 
modal.  331 
receiver.  329 
system.  331.  327 
tubular  representation  of.  332 
I0-to-90  percent,  329.  557 
20-IO-80  percent.  554-555.  557 
Rise-time  budget 
calculation.  328  332 
luhular  reprcseniation  of.  332 
Routing.  458 
RZ  codes  (.see  Codes) 
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Scattering  loss.  97  100 
(See  also  Attenuation) 

Scrambling.  336 

SDH  (Synchronous  digital  hierarchy).  5, 
14.  467-477 

optical  interfaces.  470  -471 
signal  speeds.  469 
STM-N  signals.  468  469 
transmission  distance*.  470 
( See  also  SONET) 

Second  window,  6-7,  10.  12,  381 
Section  (.see  SONET) 

Sell-absorption,  151 
Self-healing  rings  ( tee  SONET) 
Sellmeier  equation 
of  dispersion.  128 
of  refractive  index,  1 34 
Semiconductor  optical  amplifier  iSOAl, 
426^430 

characteristics.  425-426 


Semiconductor  optical  amplifier  (SO A) 
(Cor/.) 

materials.  425-426 
non  resonant  traveling-wave.  426427 
resonant  Fabry- Perot.  426-427 
saturation  power.  430431 
typical  parameters.  449 
Shannon  coding  theory.  335 
Signal  attenuation  (see  Attenuation) 
Signal  encoding.  335 
Signal  loss  (see  Attenuation) 
Signal-to-noi.sc  ratio,  253.  257.  285,  287. 
440 

definition  of.  253 

with  an  optical  amplifier.  440 

optimized.  257 

Signal-to-noisc  ratio  approximation.  294 
Silica  glass.  67  6N 
Simplex  link.  463 
Simulation  tools.  15-21 
Single-mode  fiber.  62  65.  122  133 
bending  loss  in.  130  133 
comparison  of  dispersions.  126 
configuration.  37.  62.  123-124 
cutoff  wavelength.  55  56.  125  127 
depressed  cladding.  123  125 
dispersion.  123  126 
dispersion  calculation.  127  133 
dispersion-flattened.  123-125 
dispersion-shifted.  123-125 
large-effective  core  area  (LF.A). 
126-127 

matched-cladding.  123  125 
material  dispersion.  125-126 
mode-held  diameter.  63-64.  1 30  131 
propagation  modes.  64  65 
refractive-index  profiles.  123-125 
1 300-nm-optimizcd.  123-125 
total  dispersion.  125  1 2h 
waveguide  dispersion.  125  126 
Skew  ray  39  40 
{See  also  l ight  ray) 

Small-wavelength  limit,  38 
Snell's  law.  32  33 


SONET  (Synchronous  opticul  network). 

4 6,  14.  467-477 
architectures.  472  477 
comparison  to  SDH.  467 
line.  468 

optical  interfaces,  470-471 
path.  468 
section,  468 

standards  for  467.  470.  47 1 
STS-N  signals.  468  469 
synchronous  payload  envelope  (SPE). 

469 

transmission  formats,  467469 
transmission  rates.  468  469 
SONET  SDH  networks 
add  drop  multiplexing  in.  476477 
architectures.  476 
transmission  rates.  476 
WDM  configuration.  477 
SONET  SDH  rings 
architectures  472-474 
bidirectional.  472.  474 
failure  reconfigurations.  475 
line  switching.  472 
\oop  diversify.  All 
puth  switching.  472 
protection  path.  473.  474 
self-healing.  472 
unidirectional.  472 
Soliton,  8.  505-513 
characteristics  of.  505-506 
fundamental.  506.  508 
GVD  versus  Kerr  nonlinearity. 

507  509 

higher-order.  506 

hyperbolic  secant  pulse  shape,  509 

nonlinear  Schrodinecr  equation. 

508-509 

soliton  pulse.  506-510 
Soliton  parameters 
collision  length.  526 
dispersion  length.  510 
interaction  distance.  513 
oscillation  period.  512 
peak  power.  5 1 1 


Soliton  parameters  (Com  ) 
pulse  scpamtion.  512 
pulse  width.  510.  511.  513 
soliton  period.  511 
transmission  rate.  512-513 
Soot.  71 

( Scr  also  Optical  fiber,  fabrication  of) 
Source  spontaneous  emission  (SSE).  562 
Space  charge  region  (see  Depletion 
region) 

Speckle  noise  in  laser*  (see  Modal  noise) 
Spectral  density  of  noise.  290.  307-308. 

309.  579  5 Htl 
Spectral  slicing,  142.  408 
Spectral  width: 

or  laser  diodes,  1 04.  163.  407.  559 
560  561 

of  LED*.  104.  153-154.  157.  558  559 
Splicing: 
definition.  215 

for  single-mode  fibers.  2.30  231 
techniques.  228  2.30 
Split-step  Founer  modeling.  17  18 
Spontaneous  carrier  lifetime.  IK0 
Spontaneous  emission,  162.  432—433 
(See  also  FDFA;  Laser) 

Square-law  device.  360-361 
Standard  deviation,  284 
Standards: 

ANSI.  467.  470,  536 
El  ATI  A.  536 

liber  optic  test  procedures  (POTPSl. 
535.  541 

ITU-T  Recommendations.  467.  470. 
471.  535  536.  541 
Standing  waves.  .38 
Star  coupler.  .383  384 
|&r  alio  Coupler) 

Star  topology.  466-467 
Static  fatigue  in  fibers  (sec  Optical  fiber, 
mechanical  properties) 

Station.  458 
Step-index  liber.  36-37 
Stimulated  Hrilloum  scattering  {see 
Nonlinear  optical  effects) 


Stimulated  carrier  lifetime.  1 80 
Stimulated  emission.  162,  163.  432433 
(See  also  EDFA:  Laser) 

Stimulated  Raman  scattering  (.tee 
Nonlinear  optical  effects) 
STM-N  signals  (see  SDH  I 
Strength  of  fibers  (see  Optical  fiber. 

mcchamcul  properties) 

STS-N  signals  (see  SONET) 

Suhciinier  multiplexing.  373-374 
Switching.  458 

Synchronous  transport  signal  - level  I 
(STS-I ),  5 
(See  also  SONET) 


T 


Telephone  transmission  rates.  4 5 
Thermal -generation  process.  145 
Thermal  noise  characteristic  (see 
Receiver) 

Thermoelectric  cooler,  184  185 
Third  window.  6-7,  10.  12.  381 
Threshold  condition  for  lasing  (see 
Laser) 

Threshold  current.  167 
(See  also  Laser) 

Threshold  level  of  a receiver.  276, 

282  284.  286 

Time-division  multiplexing.  .3  5 
Timing  jitter  <.«r  Eye  pattern) 

Timing  of  data.  335 
Topology.  458 

Total  internal  reflection  (see  Reflection) 
I ransconductancc,  279.  308,  309 
Transmission-distance  limits.  333-334 
Transmission-line  laser  model  (TI.LM). 
17-18 

Transmission  links 
analog.  359-360 
applications  of.  6-9 


INOtO 


Transmission  links  (Com.) 
coding  for.  335-339 
digital  links,  322-325 
fundamental  elements  of.  6 1 5 
point-to-point  links,  322-335 
WDM  systems.  380  3K3 
Transmission  loss  (see  Attenuation! 
Transverse  dimensions  In  a laser  cavity. 
164 

Transverse  electric  (Th)  modes  (see 
Modes) 

Transverse  magnetic  (TMl  modes  (we 
Modes) 

Transverse  modes  in  a lasing  cavity.  165 
Transverse  wave.  27 
I unable  lasers.  405-408.  538-539 
commercial  instruments,  538  539 
tuning  range,  406  407,  400 
(See  also  Laser  types) 

Tunable  optical  filters, 
system  considerations.  409  410 
types  of,  410-414 
Tunnel  effect  (.*er  Modes) 


u 


Ultrahigh  capacity  optical  networks 
bit-interleaved  optical  TDM.  517  519 
characteristics.  516  517 
time-slotted  optical  TDM,  519 
ultradense  WDM,  517 
Undersea  network.  8-9 
Unidirectional  path-switched  ring  (rrr 
SONET, SDH  ring) 

Universal  test  set,  540 
Urbach's  rule,  96 
(Alee  also  Absorption  in  fibers) 


V 


V-number.  46,  54  55 
Valence  bund.  143-145 
Vapor  phase  axial  deposition  (VAD) 
method.  72  73 
Vestigial-sideband  amplitude 

modulation  (are  Amplitude 
modulation) 

VSB-AM  (,we  Amplitude  modulation) 


w 


Wave  equations,  47-51 
Wave  front.  26  27 
Wave  optics  viewpoint  (see  Light 
propagation) 

Wave  propagation  constant,  27.  51.  109. 
110.  116 

Waveguide  dispersion.  104,  |09  III, 

112 

(See  also  Dispersion) 

Wavelength  conversion.  447  449. 

485  488 

Wavelength  grid  (are  WDM.  channel 
spacing) 

Wavelength  reuse.  483 
Wavelength  tuning.  405  410 
WDM  (wuvclength  division 

multiplexing).  8.  13  14.  380-383 
channel  spacing.  382 
demultiplexer  (demux).  382 
key  system  features.  379  380 
multiplexer  (mux),  382 
operational  principles,  380  383 
typical  link  383 

( Sire  also  Optical  coupler.  WDM 
devices) 


WDM  devices 
fiber-grating  filters.  399-402 
phased-atTay  waveguide  grating. 

403-405.412.  417 
tunable  optical  filters.  409  414 
WDM  * KDFA  system 
ASE  noise  effects.  503 
BER  versus  Optical  power,  503-504 
intcrchanncl  crosstalk.  504 
intrachunnel  crosstalk,  504  505 
link  bandwidth.  502 
power  penalties.  504-506 
WDM  networks: 
broudcast-and-scleet.  477  478 
dense  WDM  configuration.  477 
multiple-hop.  479  480 
Shuffle  Net.  480  482 
tingle-hop,  478  479 
wavelength-routed.  482  488 


Weakly  guided  modes  free  Modes) 
Weakly  guiding  fiber  approximation  (we 
Modest 

Web  site  address.  21 
Wcibull  distribution,  77 
White  noise.  580 


Y 


Young's  modulus: 
of  jacket  materials.  102  103.  133 
of  optical  fibers.  102  -103.  133 
of  steel  wires.  8 1 


